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Abstract
The article reviews the recent research contributions and future promising perspectives regarding innov-
ation in concrete technologies for low-carbon applications in buildings. To this aim, an original classifi-
cation of recent trends is presented for reducing the carbon footprint of concrete constructions by
identifying three main research lines. The first one is related to the enhancement of physical and mech-
anical properties of concrete, the second one is related to resource efficiency and raw materials’ saving
and the third one concerns the role of smart concretes in building energy efficiency. Possible synergies
between the three addressed main research lines are finally discussed.
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1 INTRODUCTION
The environmental impact of the construction sector is enor-
mous, which is mostly associated with consumption of natural
materials, emission of greenhouse gases, primary energy con-
sumption and waste production. Literature studies reported
that the building industry contributes to 24% of the total mater-
ial extractions worldwide [1]. Furthermore, it was reported that
~40% of the materials in the global market are consumed by
activities related to the construction sector, and that the same
activities heavily contribute to greenhouse gases emissions and
to the formation of acid rains [2].
Concrete plays a major role in the construction industry, being
the most widespread construction material worldwide used for
buildings, infrastructural systems, geotechnical works, industrial
plants, road pavements, water dams and more, whereby it was cal-
culated that ~1 ton of concrete is produced every year for every
person in the world [3]. The large use of concrete is motivated by
its low cost, versatility of use and good mechanical properties
when working in compression and used to withstand vertical
loads. Owing to these features, the main weaknesses, shortcomings
and limitations of such material and, primarily, its well-known
low tensile strength, have not significantly affected its use so far.
This also explains why concrete industry is a key player in the glo-
bal emissions of carbon dioxide, to which it is acknowledged to
contribute by a percentage of ~7, whereby 90% of such emissions
are related to cement fabrication [4]. Such a huge contribution of
the construction industry to excessive releasing of greenhouse
gases in the atmosphere is stimulating scientific researchers, as
well as decision-makers, toward the development of innovative
concretes with reduced environmental impact. In this regard,
Müller et al. [5] observed that enhancing the sustainability poten-
tial of building materials, in general, and of concrete, in particular,
is a multidisciplinary task that involves three main parameters that
interact with each other, namely environmental impact, technical
performance and lifetime. This is especially true for concrete and
demonstrates that sustainable are those concretes that improve at
least one of such parameters, without negatively affecting the
others. The environmental impact and life-cycle assessment (LCA)
of concrete, including its ‘green’ variants, was theoretically investi-
gated by Van de Heede and Belie [6], showing that the final score
can be significantly affected by the main assumptions made in the
LCA calculations. It follows that the improvements in concrete
technologies resulting in actual mitigations of the environmental
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impact of concrete constructions are quite challenging and require
a multidisciplinary expertise to properly engineer the material in
such a way to achieve impact mitigation though the whole lifespan
of a structure. This article is contribution to this topic, by present-
ing a review of the most recent research results and scientific
trends toward the reduction of the environmental impact of con-
crete constructions. To this aim, an original classification of sus-
tainable concretes is proposed (Figure 1), which does not only
consider aspects that are directly related to primary energy con-
sumption and greenhouse gases emissions, but also considers
other aspects such as mechanical performance and durability.
The rest of the article is organized as follows. Section 2 ana-
lyzes special concretes whose environmental impact is mitigated
by enhancing their physical and mechanical properties. These
include (i) high strength concretes (HSCs) that allow to reduce
the overall structural volume to withstand the loads, (ii) con-
cretes with enhanced durability, (ii) lightweight concretes
(LWCs) and other interesting developments. Section 3 discusses
the main research trends devoted to enhancing resource effi-
ciency of concretes, including recycling of raw materials, miti-
gating the environmental impact related to the production of
cement, reuse of industrial waste and more. Section 4 presents
an overview on special concretes for energy efficiency, including
concretes with optimized thermal behavior, concretes with
improved optical properties for passive cooling applications
and smart concretes for energy harvesting, just to mention a
few of them. Finally, a discussion about the main possible syn-
ergies among the presented innovative contributions is pre-
sented, by highlighting potentialities for further research
progress of different technologies and their market perspectives.
2 CONCRETES WITH ENHANCED PHYSICAL
AND MECHANICAL PROPERTIES
2.1 High strength concretes
The use of concretes with high mechanical strength leads
to more sustainable constructions with increased long-time
serviceability. HSC allows to reduce the cross-sections of the
structural members and consequently the overall volume of the
material required for the whole building [7]. The new family of
ultra high performance concretes (UHPCs) is reaching a com-
pressive strength similar to that of steel, allowing the design of
slender structures [8, 9]. However, their mix design needs to be
accurately calibrated in order to reduce high-energy-intensive
components. Harbert and Russel [10] estimated the material
reduction volume achieved, thanks to the enhancement of the
concrete mechanical strength, in order to evaluate the corre-
sponding reduction of the CO2 emissions amount.
Nevertheless, the increase of mechanical strength of con-
crete is associated with the use of a greater quantity of typic-
ally high emission materials. Indeed, mechanical strength is
about proportional to the square of the cement content, kept
constant the other variables, and therefore it results propor-
tional to the square of CO2 emissions. Due to the decrease of
the amount of concrete needed to manufacture a given struc-
tural component, a 30% reduction of emissions when doubling
normal concrete compressive strength can be estimated, while
the use of UHPCs determines a reduction of 50% of the same
CO2 emissions [10]. Van der Heede et al. [6] evaluated the
environmental impact of a column supporting a beam made
of high-volume fly-ash concrete and obtained similar fly ash.
The reduction of the use of cement results to be a crucial task
for the organization of a useful strategy to save CO2 emissions.
Daminieli et al. [11] proposed a cement indicator named
binder intensity (bi) index which defines the binder content
required to obtain 1 MPa of mechanical strength, and conse-
quently it expresses the efficiency of the binder material. The
same authors also define a CO2 intensity index (ci) which
allows the estimation of the global warming potential of con-
crete composites. In concrete mix design, the clinker can be
substituted by mineral addictions, able to reduce its environ-
mental impact. The tensile strength can be considered roughly
proportional to the compressive strength [12] and, conse-
quently, increasing values of this parameter produces greater
emissions of carbon dioxide [10]. High tensile strength is also
a primary engineering property to achieve durable and sus-
tainable asphalt pavements [13]. In addition to compression
and tensile strength, the ductility also plays a key role in the
realization of high-performance concrete, because it provides
significant improvements in the structural design life, further
supporting the concept of environmental sustainability of such
material [14, 15]. Such capability allows to limit the cracking
propagation in concrete structural applications and sudden,
explosive brittle failure. Recently, the development of micro-
and nano-technology paved the way for new multifunctional
high-performance materials with engineered particles, but in
this field, the benefit/cost ratio in terms of energetic and
environmental impact still needs further investigation [16].
Chiaia et al. [17] proposed a new eco-mechanical index (EMI)
to quantify the environmental impact and the material per-
formance of concrete structures. It takes into account strength,
durability, fracture energy, water need, energy consumptionFigure 1. Conceptual scheme of the review.
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and the amount of CO2 emitted during the course of the con-
crete production process.
2.2 Concretes with photocatalytic capability
Semiconductors are materials which act as insulators at very
low temperature, but possess a non-negligible electric conduct-
ivity at ambient temperature [18]. In practice, semiconductors
are materials with an energy gap between the valence and the
conduction band that is smaller than that of an insulator, such
that, at room temperature, a significant number of electrons
can be excited to cross the band itself [18].
When an electromagnetic radiation with energy equal or
higher to that of the band gap (hv ≥ Ebg) is absorbed by the
semiconductor, an electron–hole pair is formed (case of TiO2 in
eq. 1). Such pairs can be used to produce electric energy (solar
cells), to initiate a chemical reaction (photochemical catalysis)
or even to produce an effective change on the material surface
(superhydrophilicity) [19–21]. The former application, also
known as photo-electrochemistry, was the first one to be inves-
tigated. It was developed in analogy with natural photosyn-
thesis, and it is basically associated with the oxidation of water
which determines the production of hydrogen (eq. 2–4 [22]). In
this case, in order to avoid premature recombination of the
photo-generated electron–hole pairs, an electric field is pro-
duced within the semiconductor, which drives the aforemen-
tioned pairs in opposite directions and enables to efficiently
produce electric energy.
+ → + ( )− +hTiO 2 2e 2H , 1v2
+ → ( ) + ( )+ +hH O 2 1/2 O 2H , 22 2
+ → ( )+ −e2H 2 H , 32
+ → ( ) + ( )hH O 2 1/2 O H . 4v2 2 2
Superhydrophilicity, however, is the more recently discovered
phenomenon associated with semiconductors in this field. Also
in this case, electrons and holes are produced, but the electrons
tend to reduce the original substrate, while the holes tend to
oxidize it, causing the ejection of oxygen atoms. The so-formed
oxygen vacancies attract water molecules, triggering the semi-
conductor surface to produce OH groups (Figure 2), and
become hydrophilic [23, 24].
Superhydrophilicity always occurs simultaneously with the
last effect associated with semiconductors: photochemical
catalysis. In this case, the photo-generated electron–hole pairs
interact with molecular oxygen (O2) and water (H2O), produ-
cing two types of rather reactive radicals: superoxide radical
anions (O2
−) and hydroxyl radicals (OH−), respectively. These
two types of radicals were firstly found to be responsible for the
decomposition of cyanide in water by Frank and Bard [25, 26]
in 1977. After this revolutionary finding, a growing interest was
registered in the possible environmental applications of semi-
conductors in air- and water-purifying photocatalytic reactions
[27–30]. In particular, several studies focused on the removal of
organic (VOCs, eq. 5 [20]) and inorganic pollutants generated
within urban and industrial areas, which are ever more satu-
rated by several substances emitted by anthropogenic sources.
+ ⇒ + + ( )VOC O semiconductor CO H mineral acids. 52 2 2
These substances are responsible for many environmental
issues such as air quality degradation, global warming and cli-
mate change. In this view, the use of photocatalytic air detoxifi-
cation is a very attractive technique when applied to building
surfaces exposed to these pollutants, since it spontaneously
occurs at room temperature when even a small amount of
UV-light with the right amount of energy interacts with a
photocatalytic surface, without consuming auxiliary fuels, like
in thermal incineration.
In principle, various types of sulfides and oxides can be used
as catalysts for this kind of reactions (CdS, ZnS, TiO2, ZnO,
CeO2, etc.) but the best photocatalytic performance is generally
associated with titanium dioxide molecules (TiO2) [20].
Titanium dioxide is the fourth most abundant metal on Earth,
Figure 2. Mechanism of photo-induced hydrophilicity [25].
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and can appear in different forms (anatase, rutile, brookite,
etc.). Anatase and rutile, given their highest photocatalytic
activity, are the most commonly used ones for this kind of
applications [30]. Moving from the fundamental research to
material science, titanium dioxide was effectively used in vari-
ous fields. One of the most interesting ones definitely is asso-
ciated with the production of cement-based building materials.
In particular, the combination of TiO2 with cementitious mate-
rials can have a 2-fold positive effect: the superhydrophilic phe-
nomenon associated with titanium dioxide can produce smart
building blocks with self-cleaning properties, while the develop-
ment of superficial photocatalytic reactions can produce a sig-
nificant reduction in both indoor and outdoor air pollution
concentration (Figure 3) [31].
Titanium dioxide was effectively used in concrete products
both as additive [34–36] and as a coating layer [37–39]. Most
of these studies focused on the in-lab characterization of such
material. In particular, Ballari et al. developed a kinetic model
describing the degradation of NOx molecules by concrete pav-
ing containing TiO2 [40]. These models demonstrated to be in
good agreement with the experimental results. Sikkema et al.
and Ballari et al., however, thoroughly investigated the effect of
different parameters like NOx concentration, UV-irradiance
intensity and relative humidity, on the effective removal of NOx
molecules by TiO2-additivated concrete [41, 42]. Results
showed a positive correlation with the nitrogen oxides concen-
tration and the irradiance intensity, and anti-correlation with
the relative humidity.
Interesting applications also evaluated the possibility to cre-
ate specific TiO2-concrete mix designs using waste materials
such as glass to enhance the photocatalytic effect. In this con-
text, Poon et al. and Chen et al. demonstrated that the presence
of recycled glass, with its high light transmittance properties,
improved the quality of the photocalytic effect [43, 44].
Furthermore, such studies also demonstrated that even though
the glass size may not play a significant role in the catalytic
activity, the glass color definitely does influence the intensity of
the reaction. The effect of the different kinds of TiO2 inclusion
in the cementitious matrix was analyzed by Qin et al. [45],
while Ramirez et al. examined the influence of two different
coating methods, i.e. dip coating and sol–gel process, on the
toluene (VOCs) degradation capability of coated cementitious
materials [46].
Despite all these interesting in-lab positive results, real-scale
applications can highly change the boundary conditions and
deeply influence the photocatalytic reaction. In this context,
Chen et al. [47] compared the NOx detoxification rate of in-lab
and real-scale experimental campaigns. They found that the
high variation of UV-intensity and temperature can signifi-
cantly affect the reaction rate, causing a slight reduction on the
NOx decontamination potentiality with respect to similar lab-
scale characterizations.
2.3 Higher durability concretes
The analysis of the literature reveals that much interest has
been devoted to the compressive strength of concretes, while
comparatively less investigated is their durability [48]. On the
contrary, durability is an essential property to design concretes
that keep their nominal strength during the lifetime of the con-
struction under its environmental conditions. Indeed, when
concrete elements are exposed to severe environmental bound-
ary conditions, the durability of the structural material is of
great importance [49] for structural safety and for the environ-
mental sustainability of constructions which is affected by life-
cycle maintenance and repair activities. Critical behavior results
in concrete performance due to the presence of carbonation-
induced reinforcement corrosion and freeze–thaw cycles. Proske
et al. [49] carried out a study about concretes with reduced water
and cement contents. They investigated compressive strength,
workability and durability. The conventional cement of the refer-
ence concrete was progressively reduced from 270 to 100 kg/m3.
Also fillers and additives were utilized gradually in substitution
to the cement. A reduction of up to 35% of emissions was mea-
sured compared with reference concrete and of more than 60%
with granulated blast-furnace slag.
The results of the research carried out by Limbachiya et al.
[50] showed that binary and ternary cements have lower envir-
onmental impact with respect to equal design strength concrete.
In particular, the finer cementitious components used in binary
Figure 3. Schematic behavior of photocatalytic air purifying concrete pavement [32, 33].
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and ternary systems in concrete production enhance the density
resulting in enhanced durability performance. The research
regarded both mechanical properties, such as compressive and
flexural strength, and durability characteristics, such as initial
surface absorption and carbonation. The experimental results of
such eco-concretes, comparable to ordinary concretes, high-
lighted that they are suitable for structural use.
Hussain et al. review in [51] the state of knowledge on the
durability of mortar and concrete containing alkali-activated
binder with the aforementioned pozzolanic materials. They
have the potentiality to attain good mechanical properties at
early ages of curing with limited energy consumption and CO2
emission. The durability properties of concrete and mortar with
pozzolans and alkali make them potentially suitable for effluent,
water and sewerage treatment plant. However, their character-
ization still needs deeper investigation before meeting the real
market requirement.
Toledo Fihlo et al. [52] developed a sustainable Ultra High
Performance Fiber Reinforced Cement Composite (UHPFRCC)
produced using blast-furnace slag cement, silica fume, silica flour,
wollastonite, steel fibers and superplasticizers. Compared with
standard concretes and other UHPCs, they showed excellent per-
formances in terms of rheology, mechanical performance and
durability. Consequently, in UHPFRCC, an effective protection
of rebars from chloride penetration and corrosion can be
achieved with values of rebar cover thickness that are signifi-
cantly smaller than those typically adopted when using standard
concretes. The eco-friendly concretes investigated in the same
research, mentioned above, seem to be suitable for structural
applications, especially in the case of constructions that are par-
ticularly exposed to extreme conditions, such as roads, nuclear
power plants, maritime structures, floors affected by abrasion
and more. Reis et al. [53] proposed a sustainable concrete, rea-
lized with high volume of fly ash and they studied its experimen-
tal performance in particular with respect to its durability.
Mixtures with high fly ash content exhibit low-embodied energy
and greenhouse gas emissions [54]. Optimized concretes with fly
ash exhibited excellent performances in terms of mechanical
strength, resistance to chloride-ion penetration and resistance to
freeze–thaw cycles. In general, the component characteristics and
the mix design peculiarities of concrete could have more influ-
ence on the durability, in comparison to the traditional physical
aspects [55]. Banthia et al. [56] presented the results of a research
about the development of a sustainable concrete with fibers
(fiber-reinforced concrete, FRC) particularly resistant to the
deterioration. Results demonstrated that fiber reinforcements
enhance the performance of normal concretes with respect to
permeability under stress, bulk chloride diffusion, control of
rebar corrosion and bond.
2.4 Self-healing concretes
Self-healing is the capacity of a material to bond the cracks
when damages happen. Self-healing systems with microencap-
sulated healing agents primarily concern polymeric materials,
while the application of such technology to cementitious mate-
rials is relatively new [57]. Self-repairing is a mechanism of
growing interest because it contributes to a longer service life
of concrete structures making the material more durable and
also more sustainable [58]. In general, self-healing concrete is
classified into autogenous and autonomous healing [59].
Bacterial-based self-healing is a promising solution for sustain-
able concrete maintenance [60].
Wang et al. investigated the performance of encapsulated bac-
terial spores for self-healing concrete applications [61]. The water
permeability of concretes with bio-microcapsules was ~10 times
lower than that of normal concretes. Xu and Yao [62] investi-
gated the self-healing properties of concretes with incorporated
bacteria and calcium source nutrients, through mechanical tests
at the macroscale (flexural and ultrasonic pulse velocity) and at
the nanoscale (nanoindentation). The modified concretes showed
a considerable impact on the healing efficiency.
Wang et al. [63] studied cementitious materials with
hydrogel-encapsulated spores. Bacterial spores were encapsu-
lated into hydrogels and then added to cement-based samples.
The maximum observed healed crack width was ~0.5 mm and
the water permeability showed a decrease of ~68%. Bacterial-
based self-healing resulted promising for sustainable concrete
maintenance.
To contribute to the development of a new generation of
highly durable, damage-tolerant structures were proposed. As
part of a class of cement-based composites exhibiting strain-
hardening response, engineered cementitious composites have
great potentialities for intrinsic self-healing due to tight crack
widths and to the presence of additional cementitious materials
in their mixes. In summary, they are promising for highly dur-
able and damage-tolerant structures [64].
Sierra-Beltran et al. [65] investigated the durability problems
of currently available concrete repair systems and proposed the
use of strain-hardening cement-based composites with addition
of bio-based agents. They evaluated their mechanical properties
and the bonding behavior with the concrete substrate.
2.5 Concrete for enhanced fire performance
Section 2.1 introduced the concept of HSC, whereby the
enhanced mechanical performance of the material allows to
address low-carbon target by reducing the size of structural
members to withstand similar loads. HSCs are widely used in
massive and innovative structural designs such as off-shore
structures, large bridges and infrastructural systems but, lately,
their application has spread toward building columns even in
standard constructions. These structural members can be con-
sidered as the main load-bearing components of the building
envelope, and for this reason, their fire resistance deserves a
special attention. Although HSC columns can claim enhanced
mechanical properties in common conditions, a vast body of lit-
erature, starting from the initial contribution by Hertz in 1984
[66], demonstrated a huge decrease of such mechanical proper-
ties under fire conditions [67–69]. When the structural member
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is exposed to a rapid temperature increase, in fact, normal
strength concrete (NSC) presents better performance when
compared to HSC. This huge decrease in the mechanical resist-
ance in HSC structural elements is basically due to the occur-
rence of the spalling effect. Spalling can be considered as the
result of two different but concomitant processes: thermome-
chanical and thermohydral process [70]. The first process con-
cerns the occurring of thermal dilatation/shrinkage gradients
within the heated structural member [71, 72], while the second
one is associated with the generation of high-pressure fields of
water vapor and enclosed air, in the porous cementitious matrix
[66–73]. Both phenomena can be associated with the high
reduction of permeability characterizing HCSs. In this context,
the scientific literature enumerates a large number of studies
trying to identify the fundamental factors affecting the mechan-
ical resistance of HSCs and to minimize the spalling in such
structures in order to obtain enhanced mechanical resistance
also in case of fire conditions. Therefore, it is possible to state
that the fire performance of a concrete column can be influ-
enced by different factors like moisture content, concrete dens-
ity, fire intensity, presence of silica fumes, lateral confinement,
member dimension, load intensity, loading type and more [73].
In general, higher moisture content, which is also a conse-
quence of lower density in HSC, is associated with higher vapor
pressure and spalling. Furthermore, a fast heating fire, together
with a massive dimension of the structural element and the
presence of silica fumes, enhances the risk of explosive spalling.
Nevertheless, lateral confinement and the presence of low
amount of additional loads seem to ensure a better fire resist-
ance and the material durability in case of fire [69, 73–75].
Starting from all of these considerations, different kinds of
additivated HSCs were developed in recent years. The introduc-
tion of polypropylene (PP) fibers within the cementitious
matrix can be considered as one of the most successful imple-
mentations of HSC. The reason for this high contribution to
fire resistance is probably associated with the very low melting
temperature of such fibers, i.e. 170°C. Once these fibers are
melt, in fact, free channels are created for steam pressure within
the HSC column, thus preventing local high vapor pressures,
which generally cause spalling.
Various research contributions reveal a significant reduction
of the spalling effect in HSC columns because of PP fibers add-
ition [73, 76–79]. A lot of these studies also investigate the opti-
mum concentration of PP fibers and their most suitable length
for concrete applications. Results show that the enhanced HSC
behavior can be reached with a very low percentage of fibers, i.e.
0.1÷0.15% by volume. Furthermore, the introduction of Nylon
(NY) fibers, which are characterized by smaller dimensions, can
reduce this fiber percentage up to 0.05%, i.e. 0.025% of PP and
0.025% of NY fibers, respectively [80]. This further reduction is
very important, since it is associated with a better workability of
the mixture, and consistent spalling reduction effect.
Another kind of material that seems to produce a beneficial
effect on the HSC is constituted by steel fibers, which are able
to increase the tensile strength of the compound and reduce the
spalling effect [73]. As for the main fiber dimension, different
research works demonstrate that it should be selected with
respect to the inter-aggregate spacing of coarse aggregates in
the concrete mixture [81, 82]. The fire resistance of HSC col-
umns also seems to be positively influenced by the use of car-
bonate aggregates in the mix design (generally limestone)
which, given their higher specific heat values, can produce a
further 10% increase in the time leading to failure during a fire
event, when compared to siliceous aggregates (mostly quartz)
[77, 83]. Lastly, when the spalling effect cannot be avoided, the
use of properly designed transverse reinforcement for lateral
confinement can at least ensure a reduction of its effect. In par-
ticular, an improved configuration of stirrups, with adequate
connections to the internal core of the column, and a reduced
stirrups spacing can be highly beneficial [73].
2.6 Lightweight concretes
LWC is a type of concrete used for low-density structural
and non-structural elements [84]. The influential factors for
improving the sustainability of LWCs is due to their relatively
low weight, environmentally friendly behavior and their easy
industrializing and on-site casting [85]. A more sustainable
LWC can be obtained by substituting the traditional raw aggre-
gates with recycled wastes coming from other industrial activ-
ities. The results of this research showed reduced permeability
of the concrete due to the use of fly ash or silica fume, and
improved mechanical properties due to palm oil fuel ash as a
pozzolan. Gunning et al. [85] propose a treatment of acceler-
ated carbonation, in order to convert gaseous CO2 into solid
calcium carbonate through a reaction with industrial thermal
residues. The obtained carbonated aggregates showed analogous
properties compared to the traditional LWA’s.
The use of lightweight and energy-saving cementitious mate-
rials is one of the interesting trends of modern architecture and
building technology [86]. Indeed, LWC can reduce the struc-
tural dead loads, the loads of foundations, and consequently the
construction costs. Lightweight aggregates can be also inorganic
and low-embodied-carbon composites. Yang and Zhang [87]
studied a new type of lightweight inorganic aggregate concrete
by replacing organic material. That material is also energy
efficient and energy saving.
Park et al. [88] investigated low-density/low-cost cement
composites with carbon and alkali-resistant glass, i.e. fly ash
with silica fume. Carbon fibers behave better than glass fibers,
due to their superior chemical and mechanical properties.
Thermosetting plastics, which cannot be melted by heating and
reused as new plastic, can be utilized for non-structural LWC
[89]. The addition of structural fibers improved compressive
strength and post-peak ductility of cellular LWC masonry [90].
Micro-fibers (fibrillated) enhance pre-cracking behavior of
masonry by arresting cracks at micro-scale, while macro (struc-
tural) fibers induce ductile behavior in the post-peak region by
arresting the crack propagation relatively sooner after the crack
initiation.
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2.7 Self-sensing concretes
Self-sensing concrete is able to indentify variations of applied
loads or displacements, temperature or damages without the
use of external traditional transducers [91]. The self-monitoring
ability is obtained through the dispersion of engineered electric-
ally conductive fillers into the cementitious matrix [92]. The
changes of external strains and stresses are converted into
changes of electrical properties, such as electrical resistivity or
conductivity. The fillers can be made of carbon-based, metallic
or polymer materials [93]. Some conductive fillers, including
hybrid combinations of different types of fillers, are also able to
enhance the major mechanical properties of concrete, such as
compressive strength and durability [94, 95]. For the achieve-
ment of an optimal conductive network, the choice of the filler
concentration and the dispersion method are key parameters
affecting the property of self-sensing concrete [96]. Self-sensing
concrete is suitable for the construction of structures and infra-
structures with multifunctional properties [97, 98]. Self-sensing
concretes can allow an automated identification of anomalies in
the structural behavior, for instance associated with a develop-
ing damage pattern, thus providing valuable information for
cost-effective maintenance and restoration activities [99–102].
Future promising applications can be represented by the
monitoring of concrete and asphalt floors, traffic and crowd
control, active and semi-active structural control, thermal and
hygroscopic sensors for environmental management of struc-
tures and high-energy efficiency concrete, thanks to the add-
ition of conductive nanofillers and phase change materials
[103–105]. Self-sensing concrete can be considered as a promis-
ing sustainable instrument, for its high performances, for the
enhancement of the durability and the safety of the structures,
for the decrease of the city’s emissions coming from a correct
management of the traffic [106].
3 CONCRETES FOR REDUCING RAW
MATERIALS’ CONTENT
3.1 Concretes with recycled materials
The construction sector is notoriously associated with a huge
environmental impact mostly brought upon by the production
of growing quantities of concrete. Cement-manufacturing, in
fact, is an extremely energy-extensive process, which results in
the emission of a huge amount of greenhouse gases, while the
excessive usage of aggregates is associated with a massive deple-
tion of natural resources. In addition, all human activities apart
from concrete production produce a huge amount of waste
materials and by-products, whose management has nowadays
become a major environmental concern. Extensive consump-
tion of natural resources and huge production of industrial
wastes need to be dealt with in order to reach what is called
sustainable development.
In recent years, a promising strategy consisting in the reutil-
ization of waste materials and by-products in construction
building materials has been proposed. As a result of this
approach, waste materials and by-products are effectively rein-
troduced in the production chain, and the depletion of raw
materials for producing concrete and other building materials is
highly reduced. Furthermore, some of these materials, when
properly treated and used, may even produce an improvement
on the mechanical and durability properties of mortars and
concretes, which could not be achieved by simply using ordinary
Portland cement. Given the promising advantages of such combin-
ation, research studies on cement and concrete materials all over
the world are currently exploring an enormous number of combi-
nations to develop cost-and resource-effective recycled concretes.
In this review article, recycled concretes are classified as by-
products concretes and waste materials concrete, where a by-
product is identified as a secondary product derived from a
manufacturing process or a chemical reaction, while a waste
material is considered as an unwanted or unusable material,
which is discarded after primary use [107].
3.1.1 By-products concretes
In theory, all the production processes or chemical reactions
are associated with the creation of by-products characterized by
very different properties and compositions. The concept of
using industrial by-products for the production of concrete is a
well-established one. It dates back to the 1970s, when silica
fumes were firstly used as additives to create dense concretes
with enhanced mechanical properties [108]. Silica fume, also
called super-pozzolan, consists in 90% of SiO2 and it is widely
used as a replacement for Portland cement, i.e. up to 9–15% by
cement mass content [109]. The use of silica fume was thor-
oughly investigated in a huge number of research works
[110, 111] and its principal advantages consist of the increased
pore refinement and the improved strength.
Two additional fine-matter industrial by-products, namely
fly ash and slag are also successfully used as supplementary
cementitious material (SCM) in the production of mortars and
concretes. Fly ash is one of the coal combustion products, while
slag is a secondary product of the iron manufacturing process
in a blast furnace. Both materials are characterized by a silica-
alumina content which can be considered as similar to that of
pozzolanic materials and exhibit an interesting pozzolanic activ-
ity [112]. Their use as cement substitutes modifies the cementi-
tious matrix and the pore structure, producing hardened
cementitious composites [113–116].
Lastly, industrial processes are also very often associated
with the generation of coarser by-products which can be used
as aggregates in the production of LWCs with enhanced insula-
tion properties. Among these products, wood shavings and
paperboard mill residues [117] showed interesting mechanical
properties and durability, and can be considered as suitable ele-
ments for the production of LWC [118, 119].
3.1.2 Waste materials concretes
Three different classes of waste materials can be identified for
the production of recycled concretes: (i) demolition wastes, (ii)
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industrial wastes and (iii) agricultural wastes. Each one of them
is dealt with in the following subsections of this work.
Demolition waste products As it is well known, concrete is the
most widespread construction material worldwide, but it is not
an everlasting one, which stimulates life-cycle considerations.
The industrialization encourages the development of construc-
tion and demolition activities and consequently the generation
of increasing amounts of debris and waste [120]. In this con-
text, it is clear that being able to effectively reuse wastes from a
structure demolition could represent a way toward a more sus-
tainable use of such material. Because of the promising applica-
tions of such demolition wastes, their use as concrete aggregates
are widely investigated by the scientific community, as dis-
cussed below.
Before being used to produce new concrete composites,
demolition wastes are turned to small pieces, i.e. recycled con-
crete aggregates (RCA). Such aggregates do not exhibit the
same characteristics of the original ones, since they generally
cannot be separated from the mortar component that remains
well attached to their surfaces, and present impurities such as
glass, metal, gypsum or wood coming from the demolition pro-
cess. Given this considerations, RCAs have been found to be of
poor quality, when compared to the original product, being
associated with higher porosity and lower density [121–123]. In
addition, the weak quality of the bond between the original
aggregate and the attached mortar residue, together with the
presence of small cracks caused by the crushing process and the
highly dispersed particle size of the RCA seem to produce a fur-
ther enhancement in porosity and decrease in mechanical
strength in the final recycled concrete [124, 125].
In light of the considerations made above, RCA-concretes
realized with even a partial substitution of primary aggregates
with the recycled ones produce a general decrease in their
mechanical properties [126]. Nevertheless, different research
studies proved that the use of specific pre-treatments proce-
dures can highly reduce such harmful decrease, i.e. RCA coat-
ing procedure, impurities removal procedure, oven curing
technique and RCA calcination [124, 127–129].
Industrial waste products The use of industrial wastes to pro-
duce eco-concretes is receiving a considerable interest and can
rely on a massive amount of possible composite candidates
with completely different characteristics. The research pano-
rama is thus fully populated by heterogeneous applications
which investigate a variety of composites. This review article
will only consider the most acknowledged ones like those asso-
ciated with the reuse of plastic materials and tire rubber.
Both the aforementioned wastes are characterized by a low
biodegradability and the need of large land areas for their stor-
age. Furthermore, the method of recycling such materials in
concrete composites is not the only possible one, but it can
effectively contribute to an efficient final disposal.
The use of plastic waste materials in concrete has been
tackled by considering a wide range of possible waste forms,
e.g. plastic coarse aggregates [130], waste plastic flakes [131],
granulated plastic waste [132], polyvinyl chloride [133], etc.
Despite the huge number of concretes associated with plastic
polymorphous nature, the current research background seems
to denote similar properties in a large variety of the investi-
gated composites. Firstly, both tensile and flexural strength of
the different mixtures improve because of the bridging and
the crack arrester effect, respectively [134, 135]. Also, com-
pressive strength decreases with increased plastic content
[136]. Furthermore, the modulus of elasticity of concrete and
its workability generally decrease with increasing plastic con-
tent in the mixture [137].
The second kind of industrial waste material presented in
this section is the tire rubber. The use of such material in com-
bination with Portland cement concrete is motivated by the
notable results obtained in the production of crumb rubber
asphalt paving. The coupling of these materials, in fact, gave
birth to an asphalt mixture with improved performance, given
their intrinsic mutual compatibility.
Despite the acknowledged success in the combination of
rubber and asphalt, results from different research studies seem
to show that the combination of rubber wastes and concrete
matrix is not as effective as the previous one. Generally, a sig-
nificant reduction of compressive strength and split tensile
strength can be noticed, together with a significant enhance-
ment of the mixture toughness and fracture resistance [138–
140]. The reasons for the poor behavior of the investigated
composites are described as a combination of two different fac-
tors: the presence of stress concentration due to the significant
variation in stiffness, and the intrinsic chemical incompatibility
of the considered materials [141–143]. This field of research,
however, is still working on the implementation of effective
solutions to reduce the strength loss while keeping the benefi-
cial effects of the rubber-based concrete.
Beside plastic and rubber, further waste materials were
investigated in concrete mixtures with the main purpose to pro-
duce eco-concretes, possibly with enhanced mechanical proper-
ties as well. Among these materials, ceramic and glass ones are
important enough to be noticed. The former class of materials,
when combined with concretes, seems to produce no adverse
effect on its consistency, while it increases its mechanical prop-
erties [144]. The latter, however, is giving interesting results in
autoclaved aerated concretes, where it produces composite
materials with similar mechanical properties compared to the
original ones [145].
Agricultural waste products The last class of considered con-
cretes with waste materials is the one associated with agricul-
tural residues. Given their widespread distribution all around
the world, this kind of eco-composites is currently being stud-
ied with a deep interest by the scientific community. Just like in
the case of industrial wastes, the massive variety of such agricul-
tural residues determines the possibility of creating a large
amount of composites with interesting thermomechanical prop-
erties. In general, agricultural wastes can be combined with
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concrete in three different ways: they can be used as partial
cement replacement material, partial aggregate replacement or
fiber reinforcement for concrete composites. The former appli-
cation is justified by the high amount of minerals and silicates
that an annually grown plant can absorb from the earth during
its growth process. Such a chemical composition, in fact, can
yield to a material with strong pozzolanic reactivity, which is a
representative characteristic of cement replacement materials
[146]. The use of natural FRC, however, can basically be con-
sidered as an alternative to the use of synthetic ones. Such an
alternative seems to be very promising since natural fibers com-
bine high mechanical properties, i.e. similar to those of the
most common artificial products, with low costs and environ-
mental impacts [147]. Lastly, using agricultural wastes as a par-
tial replacement of aggregates in the concrete mixture seems to
be an encouraging way to reduce the dependence on common
materials such as gravels and natural mining sand [148].
The most common agricultural wastes used to produce
cement replacements are the ones also used for other building
materials, such as sugarcane bagasse (which is actually a by-
product of the sugar extraction process but it is here described
with the other agricultural wastes), common reed, rice husk
ash, wheat straw ash, bamboo leaf ash and corn cob ash [150–
153]. All these materials are turned to ash by means of a com-
bustion process: they are generally burnt in a furnace or an
incinerator in a controlled atmosphere with precise temperature
ranges which can vary from 600 to 1000°C, depending on the
specific waste. When such ashes are partially substituted to
cement in the concrete preparation, they generally produce a
porosity decrease and an enhancement of mechanical strength.
However, the increase on the mixture water absorption causes
workability issues, which highly restrict the maximum content
of waste material to be used in the final mixture [151–156]. The
substitution of common aggregates with agricultural wastes,
mostly represented by wheat, corn and olive crops, is a very
promising application. Also in this case, the mixture increases
its water demand and reduces its workability, but the results in
terms of mechanical properties are very interesting especially
for wheat particulate, which when combined with limestone
produces an impressive increase in compression, tensile and
flexural strength of autoclaved concretes, i.e. 87%, 67% and
71%, respectively [157, 158].
The last kind of agricultural waste concrete which has been
recently investigated in a huge number of research works is
represented by vegetable fibers. The commonly used fibers are
hemp, coconut shell, bamboo, wheat, corn and sisal fibers.
Hemp-concrete is a well-established LWC with impressive insu-
lation properties (thus described in more details in Section 4.5).
It is generally produced using lime (possibly natural idraulic
lime, sand, pozzolans and/or cement) and its density corre-
sponds to about one-seventh of that of ordinary concrete. It
lacks of brittleness and it is associated with a typical compres-
sive strength value of ~1MPa, which does not allow to use
hemp concrete as a structural material [159, 160]. All the other
fiber concretes can be used to produce LWCs with enhanced
flexural strength, but generally reduced compressive strength.
Nevertheless, the mechanical characteristics of such composites
are highly influenced by two main parameters: the main tensile
strength of the fiber itself, and the bonding efficiency between
the fiber and the cementitious matrix. Failure in FRC can either
occur for rupture or pull-out of the fiber, depending of the
aforementioned parameters [161–163].
3.2 Novel cements
Environmental impact of cement production can be at a global
or a local scale [164]. At the global scale, the CO2 emissions
can be reduced by alternative clinker chemistries. Low-energy
belite cements could be a valuable alternative. Local environ-
mental impacts include SO2 and NOx emissions which contrib-
ute to acid rain and cement kiln dust emissions. Environmental
and health risks can be significantly reduced by means of alter-
native fuels and mineral carbonation [6].
Randl et al. [9] emphasized the importance of new mixes for
UHPC, substituting cement with high environmental impact
with local available alternative materials so as to achieve a
‘green’ concrete. The developments of cement and concrete
green technology involves new materials and production meth-
ods [165]. The production of novel cements concerns the modi-
fication of several processes that use various raw materials. The
ideal novel cement emits less CO2 and requires less energy to
produce Portland cement, without significantly affecting its effi-
ciency. Ideal cements would preferably use waste from fuels
and raw materials. Existing candidates of resource efficient
cements are available and new ones are developing [166]: cal-
cium sulfoaluminate cement [167], calcium aluminate [168],
super-sulfates cements [169], magnesium oxide-based cements
[170], alkali-activated cements [171], geopolymers [172] and
sequestrated carbon cement [173].
Gartner and Hirao [174] proposed, in the range of alterna-
tive approaches for reducing greenhouse gases emissions, the
replacement of Portland clinker in concrete with low-
carbon SCM, inserted with the cement or directly into the con-
crete mixture.
Binary and ternary cements, that are conventional Portland
cements with addition of one or two SCM, such as fly ash,
ground granulated blast-furnace slag and silica fume, have been
recently investigated in [4], showing that such special cements
result in a reduction of the environmental impact of concrete
constructions for a given design strength and regardless of the
increased cementitious content.
The use of novel cements needs a standardization [175]:
many countries developed national concepts and defined the
possible cement components and types for the realization of
concrete for constructions.
3.3 Novel production methods and components
In energy analysis, the embodied energy is related also to the
subsidiary processes with respect to the final product [172].
Building materials with high-embodied energy in general result
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in more environmental impact than would materials with low-
embodied energy [176]. The development of new energy-
efficiency technologies in research works and in the market
represents a mid- and long-term climate protection strategy in
the field of cement and concrete [177]. Several emerging tech-
nologies are available or in a phase of study, aimed at reducing
the energy consumption and the carbon dioxide emissions in
the various steps of the cement production [178]. The main
emerging grinding technology is the high activation grinding
that increases the presence of additives in the cement and con-
crete production [179]. Hasanbeigi et al. [177] described also
other 17 emerging technologies in energy saving: fluidized bed
kiln [180], calcareous oil shale as an alternative raw material
[181], the use of steel slag as kiln raw material [182], no-
carbonated raw material for cement production [183], cement
with low lime saturation factor [184], cement and construction
materials based on magnesium oxide [185], geopolymer cement
[186], cement primarily of fly ash and recycled materials [187],
capturing the CO2 resulting from limestone precalcination
[188], CO2 sequestration in concrete curing technology [189],
carbonate looping technology [190], bio-technological carbon
capture [191], oxy-fuel technology [192], post-combustion car-
bon capture using absorption technologies [193], Calera process
[194], industrial recycling of CO2 from cement process into high-
energy algal biomass [195] and, finally, the use of nano-technology
in cement and concrete production [196].
Gartner and Hirao [168] identified as possible modalities of
reducing the CO2 emissions in the cement industry the use of
alternative fuels (including tires, sludge, waste oil, plastic and bio-
masses) and the capture and sequestration of the gas by cement
plants. Some capture technologies appear more suitable for the
application to the cement industry [197]: oxy-fuel technology,
post-combustion capture, mineralization of CO2 in an aqueous
precipitation process and the use of photosynthesis of algae.
Thermal and electrical efficiency of cement plant can be
enhanced with retrofitting devices aiming at avoiding energy
loss and great consumption of fossil fuels; unfortunately, this
solution is not frequently used because of its cost [198].
Great potential for reducing the CO2 emissions is for NSC.
There are several possible approaches regarding the modifica-
tion of the mix design: the introduction of superplasticizers and
of more reactive cements, the decrease of the water content, the
optimization of aggregate-size distribution and the use of min-
eral inclusions [199]. In this way, the Portland clinker can be
reduced. In addition, the introduction of fly ash or furnace-slag
in the clinker, coming from the recycling, has the double utility
in the limitation of the use of natural resources.
Carbon dioxide emissions related to concretes are mainly
associated with the production of Portland cement. The partial
substitution of the cement with less-impacting materials, com-
ing from other industrial processes, is a practice of growing
interest for the sustainable protection [200]. At the same time,
the substitution of virgin aggregates with different recycled
materials is increasing with a consequent gain for the environ-
ment. The most important additives for concretes related to
these two types of substitution are fly ash, ground granulated
blast-furnace slag, silica fume, recycled concrete, post-consumer
glass, recycled tires and plastics, and by-products of the article
and other industries.
3.4 Novel design methods
In order to minimize carbon emissions, it is essential to pro-
duce building materials and products with minimum amount
of energy need for their installation and transportation. Some
alternative constructive solutions can be realized with less
energy consumption compared to others [201].
In traditional structural design, just a weak attention is paid
to environmental issues, which gain significance in modern
integrated design approach. The Semantic Web technologies
represent an innovative tool for structural engineers in enhan-
cing constructions’ sustainability [202]. The selected sustain-
ability indicators are the embodied energy and CO2. In other
proposed design methodologies [203], the experimental design
variables were the type of binder and concrete, the area of steel,
the diffusivity, the concrete cover depth, which had an influence
on the service life sustainability of concrete. The aim of this
experimentation was to identify the optimal dimensions and
material properties for an RC (reinforced concrete) beam with
low environmental impact. Other studies regarded the cost and
environmental impact optimization of flexibly formed concrete
beams and of steel RC columns in high-rise buildings [204].
Therefore, the interest in environmental-friendly solutions in
construction design is a topic of growing interest. In 2010,
Masdar City announced a prized-competition for the best pro-
posal of ‘Sustainable Concrete’ and ‘Lowest Carbon Footprint’
for buildings in the city with a total of 2 million cubic meter
of concrete [206]. The results of an experimental campaign
carried out by Elchalakani et al. showed that the slag concrete
mixes considerably diminish the carbon footprint and meet
the design requirements.
García-Segura et al. [207] proposed a method to design rein-
forced concrete I-beams based on multiobjective optimization
techniques. The aims were to limit the design costs, the CO2
emissions, without reducing the service life and the safety coef-
ficient. The methodology enhances the sustainability of the
design and is applicable to various structures.
Yeo and Potra [208] developed a novel optimization approach
of decision-making in order to achieve sustainability and eco-
nomic results. New optimization instruments are indeed available
to perform efficiently large volumes of calculations applicable to
several structural engineering problems. For structures subjected
mainly to large compressive forces, such as high-rise buildings,
the reduction of the CO2 footprint achieved by optimizing the
design to achieve minimum carbon emissions can be consider-
able. As highlighted by multiple recent effort in this field, mod-
ern and multifunctional constructions need to be definitively
environmentally sustainable, healthy, smart and technologically
advanced by taking into account the whole life-cycle impact of
their development [209].
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4 CONCRETES FOR ENERGY EFFICIENCY
4.1 High-thermal insulation concretes
From a merely energetic point of view, LWC, thoroughly
described in Section 2.6, can be considered as a particular kind
of concrete with an enhanced thermal insulation capability.
Such an enhancement is mainly due to the introduction of a
gas or a foam agent within the concrete matrix, or to a partial
replacement of ordinary aggregates with low weight, and pos-
sibly cost-effective ones [210–212].
The thermal conductivity of an ordinary concrete generally var-
ies between 0.62 and 3.3W/mK, depending on the type of aggre-
gate and the hygrothermal conditions of the sample [213–215].
When a common LWC is considered, however, the lambda value
generally varies in the range 0.4–1.89W/mK [216, 217] and
reaches even lower values when polystyrene beads or foams
are used within the mixture [218, 219].
In this review article, LWCs are divided in two different
classes of materials: inorganic-based LWC and bio-based LWC.
The first class of mixtures is composed by all those LWCs
which owe their insulation characteristics to natural minerals
and artificial materials, sometimes even recycled ones, while the
second class is mainly composed by biological natural fibers or
particulate.
4.1.1 Inorganic-based LWC
Using inorganic materials to produce LWC is a well-recognized
procedure. Different research studies investigated the use of
volcanic materials such as diatomite, pumice and basaltic lapilli
[220–227], and observed their effect on both mechanical and
thermal properties of the obtained LWC. In general, results
showed that the high intrinsic porosity of such materials causes
an appreciable thermal conductivity decrease in the final com-
posite, which generally is found to possess higher insulation
performance for higher percentage of volcanic aggregate.
Unala et al. [220], for example, found that the use of different
grain size of diatomite in combination with ordinary Portland
cement can produce a minimum λ value of ~0.23W/mK, while
Sanchez Fajardo et al. [221] found that the thermal conductiv-
ity of LWCs produced using basaltic lapilli as aggregates dras-
tically increases when the mixture is taken from a laboratory
dry state to a water saturated condition.
The analysis of the literature also seems to reveal that ther-
mal insulation properties similar to those obtained with natural
volcanic stones can also be reached with using expanded clay,
expanded shale and perlite [222, 223], while in order to achieve
a significant decrease of this parameter, the use of EPS
(expanded polystyrene) beads is required [224–226].
Furthermore, when such material is partially replaced with EPS
foam, the thermal conductivity of the obtained concrete is
found to reach the surprising value of ~0.06W/mK while also
enhancing the related mechanical properties [219].
It is noteworthy to mention a further kind of artificial inor-
ganic aggregates used in the production of high insulation
concretes: industrial wastes such as plastic, glass, rubber and
even EPS itself.
The integration of extremely low-density and low thermal
conductivity ethyl vinyl acethate wastes in a common LWC, for
example, enabled Duslang et al. [227] to slightly reduce the
overall thermal conductivity of the investigated cementitious
mixtures from 0.489 to 0.407W/mK. Glass beads, however,
were effectively used to reduce the thermal conductivity of insu-
lating concrete by Chung et al. [228], while also analyzing the
effect of voids interconnection on the overall thermal behavior
of the sample. Lastly, the inclusion of rubber crumb in sand
concrete blocks was shown to produce a global λ decrease of
~5–10% on the final composite [229].
4.1.2 Bio-based LWC
The use of bio-based materials for the production of LWC is a
rapidly growing field of research which enables to somehow
reduce the depletion of raw materials and the harmful green-
house gas emissions in the atmosphere, while addressing ther-
mal energy efficiency in buildings. This 2-fold effect is mainly
due to the inner nature of the bio-based material used to pro-
duce such concretes. Bio-based LWCs, in fact, use lignocellulo-
sic material from agricultural or industrial wastes, which
generally provides concrete with a high amount of intercon-
nected porosity, resulting in a huge insulation capability. Two
are the most common natural materials used in the production
of such environmentally friendly mixtures: wood shavings and
hemp.
Thermophysical properties of lightweight wood chipping
concrete were assessed by a huge amount of studies [230–237].
Among such research works, Belhadj et al. [234] investigated
the effect of the incorporation of barley straws and wood shav-
ings on the physical–mechanical properties of sand concrete
intended for constructions in arid zones, showing that the use
of selected local materials and agricultural wastes can improve
the thermal performance, while minimizing costs and energy
consumption. Al Rim et al. [236] investigated the effect of dif-
ferent wood proportions on the thermal and mechanical per-
formance of cement-wood composites finding thermal
conductivity values ranging from 0.24 to 0.08, i.e. 10% and 50%
in weight of wood, respectively, while Taoukil et al. [237] exam-
ined the effect of moisture content on the thermal conductivity
and diffusivity of wood-concrete composites, finding huge dis-
crepancies with increasing relative humidity [238]. The same
authors also proposed to somehow treat the wood matter in
order to reduce the water absorption capacity, and with it the
perturbation of thermal properties of the composite.
Hemp fiber concrete is the reference material when it comes
to new bio-based LWC characterization [238–243]. In particu-
lar, lime/hemp lightweight blocks can be considered as rather
conventional building materials with an overall thermal con-
ductivity in the range of 0.1W/mK [239]. Nevertheless, hemp
has been proven to absorb a large amount of water, which gen-
erally causes long setting and drying times. Elfordy et al. [241]
defined a new method to produce ‘hempcrete’ mostly consisting
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in adding, just before the hose outlet, the amount of water
strictly necessary to the slaking process of the lime. This par-
ticular method seems to drastically reduce the drying time
given the accelerated kinetic setting, and produce a slight
increase in thermal conductivity, modulus of elasticity, com-
pressive and bending strength and hardness.
Beside the two most common applications of wood and
hemp LWC, a significant attention has also been devoted to the
study of thermal insulating properties of a huge amount of nat-
ural fibers less commonly associated with the building sector.
Among such fibers the most interesting results are those related
to cork, corn cob, sugarcane, cellulose loose-fil, flax, straw bales
and coconut [Table 1].
4.2 Concretes with enhanced optical properties
Energy-saving concretes are also those using enhanced optical
properties to reduce the overall building energy demand for cool-
ing. Such applications focus on the use of ‘cool’ materials charac-
terized by high solar reflectance, i.e. higher than 65%, and also
high-thermal emittance values, i.e. around 0.80–0.90. Building
envelopes components having such optical properties are able to
reduce the amount of solar energy absorbed by the material,
causing a drastic surface temperature decrease, and consequently
an appreciable reduction in the bordering air temperature [244].
Additionally, if applied as urban paving materials, they can con-
tribute to Urban Heat Island mitigation, by also improving the
livability of the outdoor urban environments for pedestrians
[245, 246]. In fact, since almost 50% of the solar energy reaching
the hearth surface can be found in the infrared region of the
solar spectrum, cool materials can be both constituted by light-
colored white coatings, or highly reflective colored coatings
[133–136, 243–249]. In particular, the amount of solar radiation
actually reflected by light-colored coatings is either due to white
pigments with solar reflectance values of ~0.70–0.85, i.e. zinc
dioxide, titanium dioxide (generally in the form of rutile and
anatase) [137, 138, 250, 251,] or transparent polymers such as
acrylic. Colored-cool materials, however, exhibit the same solar
reflectance of non-cool materials in the visible wavelength range,
but ensure as high solar reflectance as the light-colored coatings
in the near-infrared wavelength range.
Two further kinds of cool materials have been used to pro-
duce energy-efficient coatings for building applications: retro-
reflective materials and thermochromic materials [252–260].
Retro-reflective materials are constituted by highly reflective
coatings, including glass beaded type and cube corner type,
able to reflect the incident solar radiation in the same direction
of the incoming one. Such materials are particularly effective in
decreasing the mutual radiative effect of close standing build-
ings, and in this way contribute to building energy efficiency
[253, 254]. Lastly, thermo-chromic-doped coatings [255, 259]
are an innovative kind of materials which can dynamically
change their thermal–optical properties in response to varying
environmental conditions. Such materials, in fact, using a
reversible reaction of the pigments molecular structure, reflect
most of the incoming radiation in summer conditions, thus
reducing the associated building thermal load, and absorb most
of this radiation in winter, when the internal heating needs sig-
nificantly increase [257, 258].
Light-colored and colored-cool materials, retro-reflective
and thermochromic materials, are generally used to produce
films or coatings. Such coatings have been effectively applied to
different kinds of concrete elements [257, 259], and their use as
concrete coatings is reported to produce a significant reduction
in the indoor operative temperature in warm/hot conditions
[262].
Two are the most successful cool-coated concrete building
elements: tiles and pavement blocks. The use of cool concrete
tiles as roofing components of an innovative building has been
widely acknowledged by the scientific community, which found
the enhancement of the solar reflectance index associated with
such composite materials to be very effective in reducing build-
ing energy consumption [258, 261, 262]. Pavement blocks,
however, representing almost the 30% of the whole urban areas
[263], have been highly appreciated for their contribution to
the Urban Heat Island mitigation and the improvement of the
outdoor environmental conditions [259, 264]. Of course, such
environmental benefits produce a direct rebound effect on the
amount of energy consumption associated with the building
stock, thus leading to an overall reduction of building cooling
needs. Generally, the implementation of high reflectance cool
paints, either white or colored, has been shown to effectively
increase the albedo of concrete blocks, which normally ranges
between 0.4 and 0.2, for new and old concrete blocks, respect-
ively [265–267]. Synnefa et al. [265], for example, applied such
paintings on the surface of white concrete paving tiles and
reached final albedo values between 0.8 and 0.9 and an emissiv-
ity higher than 0.8, for non-aluminum pigments coatings. Such
enhanced optical properties caused a reduction of 4 and 2 K in
the daily and the nightly surface temperature, respectively, in
summer conditions in Athens [265]. A variety of further appli-
cations also showed the effectiveness of colored coatings in
reducing the surface temperature of concrete paving [259, 260,
268]. In this context, Synnefa et al. [260] assessed a maximum
daily peak temperature reduction in August of 10.2 K for the
‘cool’ black paving compared to the same standard black
Table 1. Density and thermal conductivity values of some natural fibers
used to produce LWC [244].
Fiber raw material Bulk density
(kg/m3)
Thermal conductivity
λ (W/mK)
Cork 120–180 0.045
Corn cob panels 0.139
Sugarcane 100–125 0.0469–0.0496
Cellulose loose-fill 0.05
Flax 5–50 0.038–0.075
Cellulose (recycled paper) 30 0.041
Hemp 20–45 0.040–0.060
Straw bales 102.6 0.067
Coconut 85 0.058
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finishing. Furthermore, the use of thermochromic paintings as
coating layers for concrete pavements has been shown to be
even more effective than high reflectance cool materials, but
their proven rapid loss of optical characteristics represents a
major problem for real-scale applications [269, 270]. Lastly, it is
worthwhile to mention that special concrete mixtures, obtained
by partially replacing cement with fly ash or slag, allowed to
produce concrete pavements that were able to guarantee albedo
values of ~0.6, with a 70% replacement of cement with fly ash
[271]. Such results are quite interesting, although the acknowl-
edged performance and the simplicity of application of coated
products strongly penalize the developments in this research
field of high albedo concrete surfaces [246].
4.3 Concretes with enhanced thermal energy
storage capability
Thermal energy storage systems allow to collect and store heat
or cold and use them at some future date under varying tem-
perature conditions. This particular energy-efficiency application
focuses on the assessment of two different key points, i.e. over-
coming the crucial gap between energy generation and energy
use, and optimizing the thermal properties of structural materials
in order to increase the associated buffer effect. Thermal energy
storage can be obtained with three basic kinds of applications:
sensible, latent and thermochemical energy storage.
In sensible heat storage, the energy is stored by raising the
temperature of the storage medium. In this view, sensible stor-
age materials need to guarantee at least two main physical char-
acteristics: high specific heat and adequate thermal cycling
stability. Latent heat storage, however, relies on the phase
change transition of the storage medium, e.g. solid–liquid trans-
formation (PCMs phase change materials), to store heat in the
form of latent heat of fusion. These materials are characterized
by a high-energy storage density and can be considered as very
promising for passive building applications. Lastly, thermo-
chemical energy storage is achieved by storing a high amount
of energy with using a reversible chemical reaction [272–274].
In this context, concrete, which is a relatively inexpensive
material with a high-thermal mass, very easy to handle and
cast, can be considered as a suitable solution for sensible heat
storage. In particular, concrete has extensively been studied by
the scientific community as a high temperature storage mater-
ial, and specific compositions have been defined in order to
achieve long-term stability and increased storage capacity [275–
284]. Different kinds of aggregates have been studied in order
to improve the compound temperature resistance, i.e. iron and
aluminum oxide, gravel, basalt and sand.
In recent years, the problem of high vapor pressure inside
the cementitious matrix heated above 100°C has also been
investigated. In order to avoid harmful consequences on the
integrity of the concrete block, in fact, the cementitious matrix
must provide a suitable steam permeability, thus allowing the
vapor to leave the storage block. In this context, Laing et al.
[275] defined a stable mixture using blast furnace as a cement
binder, gravel and sand with improved temperature resistance
as aggregates, and a small amount of PP fibers to ensure perme-
ability. Such mixture enabled to obtain significant thermal
properties, i.e. a thermal conductivity of ~1.2W/mK and a
volumetric heat capacity of about ρ·cp = 0.64 kWh/m³ K in the
range between 300 and 400°C, and also an impressive cycling
stability, i.e. the examined concrete samples endured more than
14,000 cycles up to 500°C.
In addition to its sensible storage capacity, concrete amorph-
ous composite nature, also gives the possibility of integrating
supplementary ingredients within its structure. In this context,
the idea of combining the appreciable sensible heat capacity of
concrete, with also high heat of fusion of phase change materi-
als has attracted a lot of research interest worldwide [285–295],
and has identified concrete as a possible latent storage medium.
Two are the main phase change materials which can be
coupled with concrete: organic, mostly paraffin and acids and
inorganic PCMs, generally hydrated salt. Although hydrated salts
are associated with high volumetric heat storage and good ther-
mal conductivity, their very high volume change and supercool-
ing effect highly limit their effective use in concrete composites.
Paraffins and acids, however, which generally combine a
high latent heat storage capacity with low volume change, have
been widely and effectively incorporated in concrete compo-
sites. A phase change material can be incorporated within the
concrete matrix in three different ways: immersion [285, 286],
impregnation [287, 289] and direct mixing of encapsulated
PCM [292–294].
The immersion technique is probably the easiest and nor-
mally takes several hours. It consists in the direct immersion of
a porous concrete in a container filled with melted PCM. It is
directly affected by the absorptivity of such porous concretes
and generally associated with serious leakage problems. In order
to somehow prevent the melted PCM from ‘flowing out’ of the
concrete, silica particles have been used as an effective barrier.
This method is not suitable for cast-in-situ structures.
The impregnation technique, however, consists of a three-
step procedure: (i) firstly, vacuum is generated in the porous
aggregate which will be used to produce concrete, (ii) secondly,
the aggregate is soaked in the liquid PCM and (iii) finally, the
concrete mixture is produced with using the pre-treated PCM-
saturated aggregate. Leakage problems can be associated with
this method as well, but in this case, PCM flows inside the com-
posite, causing the reduction of its mechanical properties. The
last process which can be used to produce a PCM-concrete
composite is the direct mixing of encapsulated PCMs within
the cementitious matrix. In this case, the PCM needs to be pre-
viously encapsulated in chemically stable container. To this
aim, mostly polymers but also steel spheres have been used
(Figure 4). In this case, the use of the encapsulation process
prevents from leakage problems, unless the composite is sub-
jected to high mechanical loads, which may lead the capsule to
premature breakage.
From a thermal point of view, the effect PCM inclusion in
concrete is deeply influenced by the kind and amount of PCMs
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used in the specific mixture. Nevertheless, it possible to find
some common trends in the different research contributions.
The inclusion of PCMs in concrete generally yields a significant
improvement in the thermal performance of concrete: the ther-
mal conductivity of the composite always decreases and the
amount of such a decrease is always proportional to the per-
centage of PCM included in the mixture [291,292], as for the
specific heat capacity, it has been found to increase consistently
with the PCM percentage [291,292].
5 CONCLUSIONS
Concrete is by far the most widespread construction material
worldwide, whereby its diffusion derives from several reasons,
including economic competitiveness, reliability, architectural
versatility and good mechanical properties. Despite the inherent
traditional character of concrete as a structural material, con-
crete technology is facing a continuous improvement and
applied material research in this field is very active and scientif-
ically lively. Owing to its large use, and to its related production
processes, concrete contributes to ~7% of total emissions of car-
bon dioxide in the world. For this reason, most of the research
devoted to innovations in concrete and cement-based materials
has been recently focused on reducing the environmental
impact of cementitious constructions.
This work is a review of recent research trends of low-
carbon technologies in concrete, in the perspective of reducing
the carbon footprint of constructions. As discussed in the art-
icle, three main areas about low-carbon concrete are identified
which pursue this overarching objective:
(i) concretes with enhanced physical and mechanical
properties,
(ii) concretes for reducing the use of raw materials,
(iii) concretes for energy efficiency.
The first research area includes new concretes which combine
the reduction of high-energy components with the enhance-
ment and the rising of peculiar properties. HSCs can allow a
strong reduction of structural volumes, while high durable and
fire resistant concretes allow an increase of the service life of
the structural elements, generating more environmentally sus-
tainable constructions. Furthermore, new LWCs show an
environmental-friendly behavior owing to the reduction of
dead loads resulting in smaller structural volumes, as well as to
their easier industrialization and casting. Additional improve-
ments can be achieved by the inclusion or addition of innova-
tive particles and fibers within the concrete matrix. Novel
concretes with self-healing, photocatalytic and self-sensing
properties, realized with the addition of new engineered fillers,
represent the opportunity to arrange multifunctional high-
technological smart structures with notable sustainable benefits.
The second identified research area regarding low-carbon
technologies in concrete concerns environmentally aware pro-
duction processes that reduce the use of raw materials, by
therefore reducing the life-cycle impact of the composite mate-
rials and of the whole construction, as well. The first instru-
ments to reduce emissions are the reduction or the replacement
of environmental impact materials in the concrete binders and
in other components, or the modifications of concrete produc-
tion methods, using emerging technologies in energy saving.
Another important action against greenhouse emissions in the
field of concrete industry is represented by the reuse of waste
materials within the mixes. This practice allows the reduction
of the natural resources’ consumption and the disposal of waste
materials resulting from different production processes. An
innovative way to minimize carbon emission is also the choice
of alternative constructive solutions, which result in a reduced
energy consumption.
The third analyzed area of research concerns special con-
cretes that are specifically engineered and tailored for energy-
efficiency targets. The literature reviewed in this part highlights
that some innovative concretes can nowadays be considered as
energy-efficient materials, thanks to the wide possibility to inte-
grate cement-based materials with key additives responsible for
thermal insulation, thermal capacity enhancement, or optical
properties improvements of building envelopes. In particular,
the addition of engineered materials and the optimization of
the mix designs permit the development of concretes with
enhanced energy characteristics, such as special LWCs with
high-thermal insulation properties, smart concretes incorporat-
ing phase changing materials for enhanced thermal storage cap-
abilities and innovative concretes with improved optical
properties and high albedo characteristics.
Overall, this review has shown that concrete can be regarded
as a quite promising material for low-carbon applications in
buildings, thanks to the recent research developments presented
in this work, even if it has been historically considered as an
environmentally impacting material. Now, the challenge for this
traditional building material is its evolution in a industrialized
multifunctional high-performance material with enhanced phys-
ical, mechanical, thermal and energy efficiency peculiarities, suit-
able for applications in the field of sustainable constructions.
Possible applications are different and multidisciplinary. They
include the implementation of structural and non-structural
Figure 4. Typical failure patterns of concrete cube (a) steel-encapsulated
PCM-concrete and (b) normal weight aggregate concrete [294].
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elements, structural restoration, flooring, panels, hydraulic and
geotechnical elements and infrastructures for smart cities.
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[48] Aıẗcin PC. Cements of yesterday and today: Concrete of tomorrow. Cem
Concr Res 2000;30:1349–59.
[49] Proske T, Hainer S, Graubner CA Carbonation of cement reduced green
concrete. In: Proceedings of the International Congress on Durability of
Concrete, ICDC, Trondheim, 18–21 June, 2012, 2012.
[50] Limbachiya M, Can Bostanci S, Kew H. Suitability of BS EN 197–1 CEM II
and CEM V cement for production of low carbon concrete. Constr Build
Mater 2014;71:397–405.
[51] Hossaina MM, Karim MR, Hossain MK, et al. Durability of mortar and
concrete containing alkali–activated binder with pozzolans: A review.
Constr Build Mater 2015;93:95–109.
[52] Toledo Filho RD, Koenders EAB, Formagini S, et al. Performance assess-
ment of Ultra High Performance Fiber Reinforced Cementitious
Composites in view of sustainability. Mater Design 2012;36:880–8.
[53] Reis R, Malheiro R, Camões A, et al. Carbonation resistance of high vol-
ume fly ash concrete. Key Eng Mat 2015;634:288–99.
[54] Liu R, Durham S, Rens K, et al. Optimization of Cementitious Material
Content for Sustainable Concrete Mixtures. J Mater Civ Eng 2012:745–53
10.1061/(ASCE)MT.1943–5533.0000444.
[55] Levy SM, Helene P. Durability of recycled aggregates concrete: a safe way
to sustainable development. Cem Concr Res 2004;34:1975–80.
[56] Banthia N, Zanotti C, Sappakittipakorn M. Sustainable fiber reinforced
concrete for repair applications. Constr Build Mater 2014;67:405–12.
[57] Yang ZX, Hollar J, He XD, et al. A self–healing cementitious composite
using oil core/silica gel shell microcapsules.. Cement Concrete Comp
2011;33:506–12.
[58] Jonkersa HM, Thijssen A, Muyzer G, et al. Application of bacteria as self–
healing agent for the development of sustainable concrete. Ecol Eng
2010;36:230–35.
[59] Ghosh SK. Self–healing materials: fundamentals, design strategies, and
applications. John Wiley & Sons, 2009.
[60] Wang J, Ersan YC, Boon N, et al. Application of microorganisms in con-
crete: a promising sustainable strategy to improve concrete durability. Appl
Microbiol Biotechnol 2016;100:2993–3007.
[61] Wang JY, Soens H, Verstraete W, et al. Self–healing concrete by use of
microencapsulated bacterial spores. Cem Concr Res 2014;56:139–52.
[62] Xu J, Yao W. Multiscale mechanical quantification of self–healing concrete
incorporating non–ureolytic bacteria–based healing agent. Cem Concr Res
2014;64:1–10.
[63] Wang JY, Snoeck D, Van Vlierberghe S, et al. Application of hydrogel
encapsulated carbonate precipitating bacteria for approaching a realistic
self–healing in concrete. Constr Build Mater 2014;68:110–19.
[64] Yıldırım G, Keskin ÖK, Keskin SB, et al. A review of intrinsic self–healing
capability of engineered cementitious composites: Recovery of transport
and mechanical properties. Constr Build Mater 2015;101:10–21.
[65] Sierra–Beltran MG, Jonkers HM, Schlangen E. Characterization of sustain-
able bio–based mortar for concrete repair. Constr Build Mater
2014;67:344–52.
[66] Hertz KD. Explosion of silica–fume concrete. Fire Saf J 1984;85:8–77.
[67] Phan LT. Fire Performance of High–Strength Concrete: A Report of the
State–of–the–Art. National Institute of Standards and Technology,
1996:105.
[68] Hertz KD. Limits of Spalling of Fire–Exposed Concrete.. Fire Saf J
2003;38:103–16.
[69] Mago N, Hicks SJ. Fire behaviour of slender, highly utilized, eccentrically
loaded concrete filled tubular columns. J Constructional Steel Res
2016;119:23–132.
[70] Venanzi I, Breccolotti M, D’Alessandro A, et al. Fire performance assess-
ment of HPLWC hollow core slabs through full–scale furnace testing. Fire
Saf J 2014;69:12–22.
[71] Ulm FJ, Coussy O, Bazant ZP. The ‘Chunnel’ fire: I. Chemoplastic soften-
ing in rapidly heated concrete. J Eng Mech 1999;125:272–82.
[72] Bazant ZP, Kaplan MF. Concrete at High Temperatures. Material Properties
and Mathematical Models. Longman, Burnt Mill, 1996.
[73] Kodur VKR. Guidelines for fire resistance design of high–strength concrete
columns. J Fire Protection Eng 2005;15:93–106.
[74] Kodur VKR, Phan L. Critical factors governing the fire performance of
high strength concrete systems. Fire Saf J 2007;42:482–88.
[75] Kodur VKR, Dwaikat M. Performance–based fire safety design of rein-
forced concrete beams. J Fire Protection Eng 2007;17:293–320.
[76] Kalifa P, Chéné G, Gallé C. High–temperature behaviour of HPC with
polypropylene fibres: From spalling to microstructure. Cem Concr Res
2001;31:1487–99.
[77] Kodur VKR, Cheng FP, Wang TC, et al. Effect of strength and fiber
reinforcement on fire resistance of high–strength concrete columns.
J Struct Eng 2003;129:253–9.
[78] Zeiml M, Leithner D, Lackner R, et al. How do polypropylene fibers
improve the spalling behavior of in–situ concrete? Cem Concr Res
2006;36:929–42.
[79] Han CG, Hwang YS, Yang SH, et al. Performance of spalling resistance of
high performance concrete with polypropylene fiber contents and lateral
confinement. Cem Concr Res 2005;35:1747–53.
[80] Lee G, Han D, Han MC, et al. Combining polypropylene and nylon fibers
to optimize fiber addition for spalling protection of high–strength concrete.
Construct Build Mater 2012;34:313–20.
[81] Bilodeau A, Kodur VKR, Hoff GC. Optimization of the type and amount
of polypropylene fibres for preventing the spalling of lightweight concrete
subjected to hydrocarbon fire. Cement and Concrete Composites
2014;26:163–74.
[82] Heo YS, Sanjayan JG, Han CG, et al. Relationship between inter–aggregate
spacing and the optimum fiber length for spalling protection of concrete in
fire. Cem Concr Res 2012;42:549–57.
[83] Kodur VKR Spalling in HSC Exposed to Fire: Concerns, Causes, Critical
parameters and Cures. In Proceedings, ASCE Structures Congress,
Philadelphia, PA, 2000.
[84] Nekooie MA, Goodall H, Mohamad MI. Selection of sustainable materials
for lightweight concrete. Eng Sustain 2015;168:159–72.
[85] Gunning PJ, Hills CD, Carey PJ. Production of lightweight aggregate from
industrial waste and carbon dioxide. Waste Manage 2009;29:2722–28.
304 International Journal of Low-Carbon Technologies 2017, 12, 289–309
A. D’Alessandro et al.
Downloaded from https://academic.oup.com/ijlct/article-abstract/12/3/289/2336110
by UNIVERSITAT DE LLEIDA user
on 28 June 2018
[86] Becchio C, Corgnati SP, Kindinis A, et al. Improving environmental sus-
tainability of concrete products: investigation on MWC thermal and mech-
anical properties. Energ Build 2009;41:1127–34.
[87] Yang Y, Zhang H. Experimental study on flexural behaviors of all–
lightweight aggregate concrete beams and slabs. Key Eng Mat 2012;517:
398–402.
[88] Park SB, Yoon ES, Lee BI. Effects of processing and materials variations on
mechanical properties of lightweight cement composites. Cem Concr Res
1999;29:193–200.
[89] Panyakapo P, Panyakapo M. Reuse of thermosetting plastic waste for light-
weight concrete. Waste Manage 2008;28:1581–88.
[90] Rasheed MA, Prakash SS. Mechanical behavior of sustainable hybrid–syn-
thetic fiber reinforced cellular light weight concrete for structural applica-
tions of masonry. Constr Build Mater 2015;98:631–40.
[91] Chung DDL. Self–monitoring structural materials. Mat Sci Eng R
2008;22:57–78.
[92] D’Alessandro A, Rallini M, Ubertini F, et al. Investigations on scalable fab-
rication procedures for self–sensing carbon nanotube cement–matrix com-
posites for SHM applications. Cement Concrete Comp 2016;65:200–13.
[93] Han B, Ding S, Yu X. Intrinsic self–sensing concrete and structures:
A review. Measurement 2015;59:110–28.
[94] Azhari F, Banthia N. Cement–based sensors with carbon fibers and carbon
nanotubes for piezoresistive sensing. Cement Concrete Comp 2012;34:866–73.
[95] Han B, Yu X, Ou J. Self–sensing concrete in smart structures. Butterworth–
Heinemann Elsevier, 2014.
[96] Xie P, Gu P, Beaudoin JJ. Electrical percolation phenomena in cement
composites containing conductive fibres. J Mater Sci 1996;31:4093–97.
[97] Ubertini F, Materazzi AL, D’Alessandro A, et al. Natural frequencies identi-
fication of a reinforced concrete beam using carbon nanotube cement–
based sensors. Eng Struct 2014;60:265–75.
[98] Materazzi AL, Ubertini F, D’Alessandro A. Carbon nanotube cement–based
transducers for dynamic sensing of strain. Cement Concrete Comp
2013;37:2–11.
[99] Sun M, Liew RJY, Zhang MH, et al. Development of cement–based strain
sensor for health monitoring of ultra high strength concrete. Constr Build
Mater 2014;65:30–637.
[100] Ubertini F, Laflamme S, D’Alessandro A. Smart cement paste with carbon
nanotubes. In Loh KJ, Nagarajaiah S. Innovative Developments of
Advanced Multifunctional Nanocomposites in Civil and Structural
Engineering. Woodhead Publishing, 2016:97–120.
[101] Pacheco–Torgal F, Gonzale J, Jalali S. Sustainable monitoring of concrete
structures: strength and durability performance of polymermodified self–
sensing concrete. Int J Sustain Eng 2012;5:170–74.
[102] Galao O, Baeza FJ, Zornoza E, et al. Strain and damage sensing properties
on multifunctional cement composites with CNF admixture. Cement
Concrete Comp 2014;53:162–69.
[103] Ubertini F. Active feedback control for cable vibrations. Smart Struct Syst
2008;4:407–428.
[104] Han B, Yu X, Kwon E. A self–sensing carbon nanotube/cement composite
for traffic monitoring. Nanotechnology 2009;20:445501.
[105] Şahan N, Fois M, Paksoy H. The effects of various carbon derivative addi-
tives on the thermal properties of paraffin as a phase change material. Int
J Energ Res 2016;40:198–206.
[106] Suhendro B. Toward green concrete for better sustainable environment.
Procedia Eng 2014;95:305–20.
[107] Directive 2006/12/EC of the European Parliament and of the Council of
5 April 2006.
[108] Bache HH. Densified cement/ultra–fine particle–based materials. Aalborg
Portland. Second International Conference on Superplasticizers in
Concrete, Ottawa, 1981.
[109] Lilkov V, Rostovsky I, Petrov O, et al. Long term study of hardened
cement pastes containing silica fume and fly ash. Constr Build Mater
2014;60:48–56.
[110] Wonkeo W, Thongsanitgarn P, Ngamjarurojana A, et al. Compressive
strength and chloride resistance of self–compacting concrete containing
high level fly ash and silica fume. Mater Des 2014;64:261–69.
[111] Hu C, Li Z. Property investigation of individual phases in cementitious
composites containing silica fume and fly ash. Cement Concrete Comp
2015;57:17–26.
[112] Siddique R. Waste Materials and By–Products in Concrete. Springer, 2008.
[113] Luo R, Cai Y, Wang C, et al. Study of chloride binding and diffusion in
GGBS concrete. Cem Concr Res 2003;33:1–7.
[114] Daube J, Bakker R. Portland blast–furnace slag cement: a review. Blended
Cement ASTMSTP 1983:897.
[115] Joshi RC, Lohtia RP, Salam MA Some durability related properties of con-
cretes incorporating high volumes of sub–bituminous coal fly ash. In
Proceedings, 3rd CANMET/ACI International Conference on Durability of
Concrete, Nice, France, 1994, 447–64.
[116] Sajedi F, Razak HA, Mahmud HB, et al. Relationships between compres-
sive strength of cementeslag mortars under air and water curing regimes.
Constr Build Mater 2012;31:188–96.
[117] Asdrubali F, Pisello AL, D’Alessandro F, et al. Experimental and numer-
ical characterization of innovative cardboard based panels: Thermal and
acoustic performance analysis and life cycle assessment. Build Environ
2016;5:145–59.
[118] Coatanlem P, Jauberthie R, Rendell F. Lightweight wood chipping con-
crete durability. Construct Build Mater 2006;20:776–81.
[119] Seyyedalipour SF, Yousefi Kebria D, Dehestani M. Effects of recycled
paperboard mill wastes on the properties of non–load–bearing concrete.
Int J Environ Sci Technol 2015;12:3627–34.
[120] Silva RV, de Brito J, Dhir RK. Properties and composition of recycled
aggregates from construction and demolition waste suitable for concrete
production. Constr Build Mater 2014;65:01–217.
[121] Cupo–Pagano M, D’Andrea A, Giavarini C, et al. Use of building demoli-
tion waste for asphalt mixes: First result. Energy, environment and
technological innovation, In Proceedings of III International Congress of
Energy, environment and technological innovation, 1994;203–208.
[122] Gul WA. Effect of recycled cement concrete content on rutting behaviour
of asphalt concrete. Doctoral Thesis, Middle East Technical University,
Ankara, 2008.
[123] Butler L, West JS, Tighe SL. The effect of recycled concrete aggregate
properties on the bond strength between RCA concrete and steel
reinforcement. Cem Concr Res 2011;41:1037–49.
[124] Lee C, Du J, Shen D. Evaluation of pre–coated recycled concrete aggregate
for hot mix asphalt. Construct Build Mater 2012;28:66–71.
[125] Tam VWY, Tam CM, Le KN. Removal of cement mortar remains from
recycled concrete aggregate using pre–soaking approaches. Resour
Conserv Recy 2007;50:82–101.
[126] Breccolotti M, D’Alessandro A, Roscini F, et al. Investigation of stress –
strain behaviour of recycled aggregate concrete under cyclic loads.
Environ Eng Manag J 2015;14:1543–52.
[127] Wong YD, Delai Sun D, Lai D. Value–added utilisation of recycled con-
crete in hot–mix asphalt. Waste Manage 2007;27:294–301.
[128] Pérez I, Pasandín AR, Gallego J. Stripping in hot mix asphalt produced by
aggregates from construction and demolition waste. Waste Manage Res
2012;30:3–11.
[129] Pérez I, Pasandín AR, Medina L. Hot mix asphalt using C&D waste as
coarse aggregates. Mater Des 2012;36:840–46.
[130] Mathew P, Varghese S, Paul T, et al. Recycled plastic as coarse aggregate
for structural concrete. Int J Innov Res Sci Eng Technol 2013;2:687–90.
International Journal of Low-Carbon Technologies 2017, 12, 289–309 305
Innovative concretes for low-carbon constructions: a review
Downloaded from https://academic.oup.com/ijlct/article-abstract/12/3/289/2336110
by UNIVERSITAT DE LLEIDA user
on 28 June 2018
[131] Rai B, Rushad ST, Bhavesh KR, et al. Study of waste plastic mix concrete
with plasticizer. Int Sch Res Netw 2012;2012:1–5.
[132] Ismail ZZ, Al–Hashmi EA. Validation of using mixed iron and plastic
wastes in concrete. Sustain Constr Mater Technol 2010;2:278–83.
[133] Senhadji Y, Escadeillas G, Benosman AS, et al. Effect of incorporating
PVC waste as aggregate on the physical, mechanical, and chloride ion
penetration behavior of concrete. J Adhes Sci Technol 2015;29:
625–40.
[134] Batayneh M, Marie I, Ibrahim A. Use of selected waste material in con-
crete mixes. Waste Manag 2007;27:1870–76.
[135] Pelisser F, Montedo RKO, Gleize JPP, et al. Mechanical properties of
recycled PET fibers in concrete. Mater Res 2012;15:679–86.
[136] Ismail ZZ, Al– Hashmi EA. Use of plastic waste in concrete mixture as
aggregate replacement. Waste Manag 2008;28:2041–47.
[137] Hannawi K, Kamal–Bernard S, Prince W. Physical and mechanical prop-
erties of mortar containing PET and PC waste aggregate. Waste Manag
2010;30:2312–20.
[138] Huang B, Liu J. Special issue on energy–efficient and environmentally
friendly paving materials. J Mater Civ Eng 2011;23:1489.
[139] Bahia HU, Davies R. Effect of crumb rubber modifiers (CRM) on per-
formance related properties of asphalt binders. Asphalt Paving Technol
1994;63:414–49.
[140] Abdelrahman MA, Carpenter SH. Mechanism of interaction of asphalt
cement with crumb rubber modifier. Transport Res Rec: J Transport Res
Board 1999;1661:106–13.
[141] Li G, Stubblefield MA, Garrick G, et al. Development of waste tire modi-
fied concrete. Cem Concr Res 2004;34:2283–9.
[142] Eldin NN, Senouci AB. Rubber–tire practices as concrete aggregate.
J Mater Civ Eng 1993;5:478–96.
[143] Topcu JB. The properties of rubberized concretes. Cem Concr Res
1995;25:304–10.
[144] Medina C, de Rojas MS, Thomas C, et al. Durability of recycled concrete
made with recycled ceramic sanitary ware aggregate. Inter–indicator rela-
tionships. Construct Build Mater 2016;105:480–6.
[145] Walczak P, Małolepszy J, Reben M, et al. Utilization of waste glass in
autoclaved aerated concrete. Operational Research in Sustainable
Development and Civil Engineering – meeting of EURO working group
and 15th German–Lithuanian–Polish colloquium (ORSDCE 2015).
In Procedia Engineering, 2015;122:302–9.
[146] Biricik H, Akoz F, Berktay I, et al. Study of pozzolanic properties of wheat
straw ash. Cem Concr Res 1999;29:637–43.
[147] Pacheco–Torgal F, Jalali S. Cementitious building materials reinforced
with vegetable fibres: a review. Constr Build Mater 2011;25:575–81.
[148] Al–Akhras NM, Abdulwahid MY. Utilisation of olive waste ash in mortar
mixes. Struct Concr 2010;11:221–8.
[149] Mo KH, Alengaram UJ, Jumaat MZ, et al. Green concrete partially comprised
of farming waste residues: A review. J Cleaner Production 2016;117:122–38.
[150] Sensale GR. Effect of rice husk ash on durability of cementitious materials.
Cement Concrete Comp 2010;32:718–25.
[151] Zain MFM, Islam MN, Mahmud F, et al. Production of rice husk ash for
use in concrete as a supplementary cementitious material. Constr Build
Mater 2011;25:798–805.
[152] Asdrubali F, Bianchi F, Cotana F, et al. Experimental thermo–acoustic
characterization of innovative common reed bio–based panels for building
envelope. Build Environ 2016;102:217–29.
[153] Pisello AL, Rosso F. Natural materials for thermal insulation and passive
cooling application. Key Eng Mat 2016;666:1–16.
[154] Somna R, Jaturapitakkul C, Made AM. Effect of ground fly ash and
ground bagasse ash on the durability of recycled aggregate concrete.
Cement Concrete Comp 2012;34:848–54.
[155] Chusilp N, Jaturapitakkul C, Kiattikomol K. Effects of LOI of ground
bagasse ash on the compressive strength and sulfate resistance of mortars.
Constr Build Mater 2009b;23:3523–31.
[156] Dwivedi VN, Singh NP, Dasa SS, et al. A new pozzolanic material force-
ment industry: bamboo leaf ash. Int J Phy Sci 2006;1:106–11.
[157] Al–Akhras NM, Abu–Alfoul BA. Effect of wheat straw ash on mechanical
properties of autoclaved mortar. Cem Concr Res 2002;32:859–63.
[158] Binici H, Yucegok F, Aksogan O, et al. Effect of corncob, wheat straw,
and plane leaf ashes as mineral admixtures on concrete durability. J Mater
Civ Eng 2008;20:478–83.
[159] Chabannes M, Garcia–Diaz E, Clerc L, et al. Effect of curing conditions
and Ca (OH) 2–treated aggregates on mechanical properties of rice husk
and hemp concretes using a lime–based binder. Construct Build Mater
2016;102:821–33.
[160] Rahim M, Douzane O, Le AT, et al. Characterization of flax lime and
hemp lime concretes: Hygric properties and moisture buffer capacity.
Energy Build 2015;88:91–9.
[161] Correia VC, Santos SF, Marmol G, et al. Potential of bamboo organosolv
pulp as a reinforcing element in fiberecement materials. Constr Build
Mater 2014;72:65–71.
[162] Ramakrishna G, Sundararajan T. Impact strength of a few natural fibre
reinforced cement mortar slabs: a comparative study. Cement Concrete
Comp 2005a;27:547–53.
[163] Ramakrishna G, Sundararajan T. Studies on the durability of natural
fibres and the effect of corroded fibres on the strength of mortar. Cement
Concrete Comp 2005b;27:575–82.
[164] Huntzinger DN, Eatmon TD. A life–cycle assessment of Portland cement
manufacturing: comparing the traditional process with alternative tech-
nologies. J Clean Prod 2009;17:668–75.
[165] Imbabi MS, Carrigan C, McKenna S. Trends and developments in green
cement and concrete technology. Int J Sustain Built Environ
2012;1:194–216.
[166] Juengera MCG, Winnefeld F, Provis JL, et al. Advances in alternative
cementitious binders. Cem Conc Res 2011;41:1232–43.
[167] Sharp JH, Lawrence CD, Yang R. Calcium Sulfoaluminate cements – low
energy cements, special cements or what? Adv Cement Res 1999;11:3–13.
[168] Scrivener KL, Capmas A. Calcium aluminate cements. In Hewlett PC
(ed). Lea’s Chemistry of Cement and Concrete. Elsevier, Ltd., 1998:713–82.
[169] Novak R, Schneider W, Lang E. New knowledge regarding the super-
sulphated cement Slagstar. ZKG Int 2005;58:70–8.
[170] Velandia DM, Devaraj A, Barranco R, et al. Novacem – A novel cement
for the construction industry. Cement and Concrete Science Conference,
12–13 September 2011.
[171] Shi C, Krivenko PV, Roy DM. Alkali–Activated Cements and Concretes.
Taylor & Francis, Abingdon, 2006.
[172] Duxson P, Fernández–Jiménez A, Provis JL, et al. Geopolymer technology:
the current state of the art. J Mater Sci 2007;42:2917–33.
[173] Biello D. Cement from CO2, A Concrete Cure for Global Warming? Sci
Am 2008:7.
[174] Gartner E, Hirao H. A review of alternative approaches to the reduction
of CO2 emissions associated with the manufacture of the binder phase in
concrete. Cem Concr Res 2015;78:126–42.
[175] Schneider M, Romer M, Tschudin M, et al. Sustainable cement produc-
tion—present and future. Cem Concr Res 2011;41:642–50.
[176] Gonzalez MJ, Navarro JG. Assessment of the decrease of CO2 emissions in
the construction field through the selection of materials: practical case studies
of three houses of low environmental impact. Build Environ 2006;41:902–9.
[177] Hasanbeigi A, Price L, Lin E. Emerging energy–efficiency and CO2 emis-
sion–reduction technologies for cement and concrete production: A tech-
nical review. Renew Sust Energ Rev 2012;16:6220–38.
306 International Journal of Low-Carbon Technologies 2017, 12, 289–309
A. D’Alessandro et al.
Downloaded from https://academic.oup.com/ijlct/article-abstract/12/3/289/2336110
by UNIVERSITAT DE LLEIDA user
on 28 June 2018
[178] Hammond GP. Industrial energy analysis, thermodynamics and sustain-
ability. Appl Energ 2007;84:675–700.
[179] Kumar S, Kumar R, Bandopadhyay A. Innovative methodologies for the
utilization of wastes from metallurgical and allied industries. Resour
Conserv Recy 2006;48:301–14.
[180] New Energy and Industrial Technology Development (NEDO). Japanese
Technologies for Energy Savings/GHG Emissions Reduction—2008
Revised Edition.
[181] Hilger J. Combined utilization of oil shale energy and oil shale minerals
within the production of cement and other hydraulic minerals. Oil Shale
2003;20:347–55.
[182] Perkins D. CemStarSM Technology Offers Increased Production and
Environmental Benefits. World Cement, 2000, December 2000.
[183] United Nations Framework Convention on Climate Change (UNFCCC).
Sichuan Carbide Calcium Residues Based Cement Plant Project in Leshan
City. CDM project design document.
[184] Kacimi L, Simon–Masseron A, Salem S, et al. Synthesis of belite cement
clinker of high hydraulic reactivity. Cem Concr Res 2009;39:559–65.
[185] Gartner E. Industrially interesting approaches to ‘low–CO2’ cements. Cem
Concr Res 2004;34:1489–98.
[186] Geopolymer Institute. Science—chemical structure and applications.
Available from:/http://www.geopolymer.org/science/chemical–structure–
and–applications; 2012.
[187] Roskos C, Cross D, Berry M, et al. Identification and verification of self–
cementing fly ash binders for ‘Green’ concrete. In: proceedings of the 2011
world of coal ash (WOCA) conference—May 9–12, 2011 in Denver CO, USA.
[188] Rodriguez N, Murillo R, Alonso M, et al. Analysis of a process for captur-
ing the CO2 resulting from the precalcination of limestone in a cement
plant. Ind Eng Chem Res 2011;50:2126–32.
[189] Kashef–Haghighi S, Ghoshal S. CO2 sequestration in concrete through
accelerated carbonation curing in a flow–through reactor. Ind Eng Chem
Res 2010;49:1143–9.
[190] Dean CC, Dugwell D, Fennell PS. Investigation into potential synergy
between power generation, cement manufacture and CO2 abatement
using the calcium looping cycle. Energy Environ Sci 2011:4.
[191] CO2 Solution. Technology Overview. Available from:/http://www.
co2solutions.com/en/the–process; 2012.
[192] Barker DJ, Turner SA, Napier–Moore PA, et al. CO2 capture in the
cement industry. Energy Procedia 2009;1:87–94.
[193] Bosoago A, Ondrej M, Oakey JE. CO2 capture technologies for cement
industry. Energy Procedia 2009;1:133–40.
[194] Andersen S, Zaelke D, Young O, et al. Scientific Synthesis of the Calera
Sequestration of Carbon—Consensus Findings of the Scientific Synthesis
Team. Available from: http://www.igsd.org/climate/documents/Synthesis_
of_Calera_Technology_Jan2011.pdf; 2011.
[195] Asia Pacific Partnership on Clean Development and Climate (APP).
Industrial Recycling of CO2 from Cement Process into High–Energy
Algal Biomass Coal Equivalent Fuel– Project Plan Summary, 2008.
[196] Raki L, Beaudoin J, Alizadeh R, et al. Cement and Concrete Nanoscience
and Nanotechnology. Materials 2010;3:918–42.
[197] European Cement Research Academy, [on–line], Carbon Capture
Technology: Options and Potentials for the Cement Industry; Technical
Report TR 044/2007, 2007.
[198] Bignozzi MC. Sustainable cements for green buildings construction.
Procedia Eng 2011;21:915–21.
[199] Proske T, Hainer S, Rezvani M, et al. Eco–friendly concretes with reduced
water and cement contents—Mix design principles and laboratory tests.
Cem Concr Res 2013;51:38–46.
[200] Meyer C. The greening of the concrete industry. Cement Concrete Comp
2009;31:601–5.
[201] Reddy BVV. Sustainable materials for low carbon buildings. Int J Low
Carbon Tech 2009;4:175–81.
[202] Houa S, Li H, Rezgui Y. Ontology–based approach for structural design
considering low embodied energy and carbon. Energ Build 2015;102:75–90.
[203] Muigai R, Alexander M, Moyo P. A novel framework towards the design
of more sustainable concrete infrastructure. Mater Struct 2016;49:1127–41.
[204] Orr JJ, Darby A, Ibell T, et al. Design methods for flexibly formed con-
crete beams. Proc ICE Struct Build 2014;167:654–66.
[205] Park HS, Kwon B, Shin Y, et al. Cost and CO2Emission Optimization of
Steel Reinforced Concrete Columns in High–Rise Buildings. Energies
2013;6:5609–24.
[206] Elchalakani M, Aly T, Abu–Aisheh E. Sustainable concrete with high vol-
ume GGBFS to build Masdar City in the UAE. Case Studies Const Mater
2014;1:10–24.
[207] García–Segura T, Yepes V, Alcalá J. Sustainable design using multiobjec-
tive optimization of high–strength concrete I–beams. WIT Trans Built
Environ 2014;1372014 WIT Press.
[208] Yeo D, Potra FA. Sustainable Design of Reinforced Concrete Structures
through CO2 Emission Optimization. J Struct Eng 2014, doi:10.1061/
(ASCE)ST.1943–541X.0000888.
[209] Clements–Croome D. Sustainable intelligent buildings for people:
A review. Intell Build Int 2011;3:67–86.
[210] Al–Jabri KS, Hago AW, Al–Nuaimi AS, et al. Concrete blocks for thermal
insulation y hot climate. Cem Concr Res 2005;35:1472–79.
[211] Du L, Folliard KJ. Mechanisms of air entrainment in concrete. Cem Concr
Res 2005;35:1463–71.
[212] Clauser C, Huenges E. Thermal conductivity of rocks and minerals. In
Ahrens TJ (ed). Rock physics & phase relations: a handbook of physical
constants. Washington: The American Geophysical Union, 1995, 105–26.
[213] Kim K–H, Jeon S–E, Kim J–K, et al. An experimental study on thermal
conductivity of concrete. Cem Concr Res 2003;33:363–71.
[214] Brown TD, Javaid MY. The thermal conductivity of fresh concrete. Mater
Struct 1970;3:411–6.
[215] Shin K–Y, Kim S–B, Kim J–H, et al. Thermo–physical properties and
transient heat transfer of concrete at elevated temperatures. Nuclear Eng
Des 2002;212:233–41.
[216] Ng S–C, Low K–S. Thermal conductivity of newspaper sandwiched aera-
ted lightweight concrete panel. Energ Build 2010;42:2452–56.
[217] Kim HK, Jeon JH, Lee HK. Workability, and mechanical, acoustic and
thermal properties of lightweight aggregate concrete with a high volume
of entrained air. Construct Build Mater 2012;29:193–200.
[218] Chen R, Zeng Z, Zhou K. A Review on the Research of Concrete with
Expanded Polystyrene Beads as Aggregate. Adv Mat Res 2012;374–
377:1598–1601.
[219] Chen B, Liu N. A novel lightweight concrete–fabrication and its thermal
and mechanical properties. Construct Build Mater 2013;44:691–8.
[220] Unala O, Uygunoglu T, Yildiz A. Investigation of properties of low–
strength lightweight concrete for thermal insulation. Build Environ
2007;42:584–90.
[221] Sanchez Fajardo VM, Torres ME, Moreno AJ. Hydraulic and hygrother-
mal properties of lightweight concrete blocks with basaltic lapilli as aggre-
gate. Construct Build Mater 2015;94:398–407.
[222] Steiger RW, Hurd MK. Lightweight insulating concrete for floors and roof
decks. Concr Constr 1978;23:411–22.
[223] Demirboga R, Gul R. The effects of expanded perlite aggregate, silica
fume and fly ash on the thermal conductivity of lightweight concrete.
Cem Concr Res 2003;33:723–7.
[224] Babu DS, Babu KG, Wee TH. Effect of polystyrene aggregate size on the
strength and moisture migration characteristics of lightweight concrete.
Cement Concrete Comp 2006;28:520–7.
International Journal of Low-Carbon Technologies 2017, 12, 289–309 307
Innovative concretes for low-carbon constructions: a review
Downloaded from https://academic.oup.com/ijlct/article-abstract/12/3/289/2336110
by UNIVERSITAT DE LLEIDA user
on 28 June 2018
[225] Cook DJ. Expanded polystyrene beads as lightweight aggregate for con-
crete. Precast Concr 1973;4:691–3.
[226] Miled K, Sab K, le Roy R. Particle size effect on EPS lightweight concrete
compressive strength: experimental investigation and modeling. Mech
Mater 2007;39:222–40.
[227] Dulsang N, Kasemsiri P, Posi P, et al. Characterization of an environment
friendly lightweight concretecontaining ethyl vinyl acetate waste. Mater
Des 2016;96:350–6.
[228] Chung SY, Han TS, Kim SY, et al. Evaluation of effect of glass beads on
thermal conductivity of insulating concrete using micro CT images and
probability functions. Cement Concrete Comp 2016;65:150–62.
[229] Turgut P, Yesilata B. Physico–mechanical and thermal performances of
newly developed rubber–added bricks. Energy Build 2008;40:679–88.
[230] Coatanlem P, Jauberthie R, Rendell F. Lightweight wood chipping con-
crete durability. Construct Build Mater 2006;20:776–81.
[231] Bouguerra A, Amiri O, Ait–Mokhtar A, et al. Water sorptivity and pore
structure of wood cementitious composites. Mag Concrete Res
2002;54:103–12.
[232] Tamba S, Jauberthie R, Lanos C, et al. Lightweight woodfibre concrete.
Concrete Sci Eng 2001;3:53–7.
[233] Torkaman J, Ashori A, Momtazi AS. Using wood fiber waste, rice husk
ash, and limestone powder waste as cement repleacement materials for
lightweight concrete blocks. Construct Build Mater 2014;50:432–6.
[234] Belhadj B, Bederina M, Montrelay N, et al. Effect of substitution of wood
shavings by barley strawson the physico–mechanical properties of light-
weight sand concrete. Construct Build Mater 2014;66:247–58.
[235] Yang HS, Kim DJ, Kim HJ. Rice straw–wood particle composite for sound
absorbing wooden construction materials. Bioresour Technol 2003;86:117–21.
[236] Al Rim K, Ledhem A, Douzane O, et al. Influence of the proportion of
wood on the thermal and mechanical performances of clay–cement–wood
composites. Cement Concrete Comp 1999;21:269–76.
[237] Taoukil D, El Bouardi A, Sick F, et al. Moisture content influence on
the thermal conductivity and diffusivity of wood–concrete composite.
Construct Build Mater 2013;48:104–15.
[238] Benfratello S, Capitano C, Peri G, et al. Thermal and structural properties
of a hemp–lime biocomposite. Construct Build Mater 2013;48:745–54.
[239] Li Z, Wang X, Wang L. Properties of hemp fibre reinforced concrete com-
posites. Composites Part A: Appl Sci Manuf 2006;37:497–505.
[240] Savastano H Jr, Warden PG, Coutts RSP Potential of alternative fibre
cements as building materials for developing areas. Cement Concrete
Comp 2003;25:585–92.
[241] Elfordy S, Lucas F, Tancret F, et al. Mechanical and thermal properties of
lime and hemp concrete (‘hempcrete’) manufactured by a projection pro-
cess. Construct Build Mater 2008;22:2116–23.
[242] Roulac JW. Hemp horizons: the comeback of the World’s most promising
plant. Chelsea Green Publishing Company, 1997.
[243] Bretz S, Akbari H, Rosenfeld A, et al. Implementation of solar reflective
surfaces: materials and utility programs. University of California, 1992LBL
Report – 32467.
[244] Pisello AL, Castaldo VL, Pignatta G, et al. Experimental in–lab and in–
field analysis of waterproof membranes for cool roof application and
urban heat island mitigation. Energy Build 2016;114:180–90.
[245] Barthel M, Vogler N, Schmidt W, et al. Outdoor performance tests of
self–cooling concrete paving stones for the mitigation of urban heat island
effect. Road Mater Pavement Des 2016:1–11.
[246] Santamouris M. Using cool pavements as a mitigation strategy to fight
urban heat island—A review of the actual developments. Renew Sust
Energ Rev 2013;26:224–40.
[247] Wong NH, Jusuf SK. Urban Heat Island and Mitigation Strategies at City
and Building Level. Adv Develop Cool Mater Built Environ 2013:3–32.
[248] Coutts AM, Daly E, Beringer J, et al. Assessing practical measures to
reduce urban heat: green and cool roofs. Build Environ 2013;70:266–76.
[249] Levinson R, Berdhal P, Akbari H. Solar spectral optical properties of pig-
ments– part I: model for deriving scattering and absorption coefficients
from trasmittance and reflectance measurements. Sol Energy Mater Sol
Cells 2005;89:319–49.
[250] Levinson R, Berdhal P, Akbari H. Solar spectral optical properties of pig-
ments– part II: survey of common colorants. Sol Energy Mater Sol Cells
2005;89:351–89.
[251] Pisello AL, Cotana F. Experimental and numerical study on thermal per-
formance of new cool clay tiles in residential buildings in Europe, the 7th
International Conference on Applied Energy – ICAE2015, 2015.
[252] Han Y, Taylor JE, Pisello AL. Toward mitigating urban heat island
effects: Investigating the thermal–energy impact of bio–inspired retro–
reflective building envelopes in dense urban settings. Energ Build
2015;102:380–9.
[253] Rossi F, Pisello AL, Nicolini A, et al. Analysis of retro–reflective surfaces
for urban heat island mitigation: A new analytical model. Appl Energ
2014;114:621–31.
[254] Akbari H, Touchaei AG. Modeling and labeling heterogenous directional
reflective roofing materials. Sol Energy Mater Sol Cells 2014;124:192–210.
[255] Karlessi T, Santamouris M. Research on Thermochromic and PCM
Doped Infrared Reflective Coatings. Adv Develop Cool Mater Built
Environ 2013;83:103–83.
[256] White MA, LeBlanc M. Thermochromism in Commercial Products.
J Chem Educ 1999;76:1201–5.
[257] Levinson R, Akbari H, Berdahl P, et al. A novel technique for the produc-
tion of cool colored concrete tile and asphalt shingle roofing products. Sol
Energy Mater Sol Cells 2010;94:946–54.
[258] Santamouris M, Synnefa A, Karlessi T. Using advanced cool materials in
the urban built environment to mitigate heat islands and improve thermal
comfort conditions. Sol Energ 2011;85:3085–102.
[259] Synnefa A, Santamouris M, Apostolakis K. On the development, optical
properties and thermal performance of cool colored coatings for the
urban environment. Sol Energ 2007;81:488–97.
[260] Santamouris M, Gaitani N, Spanou A, et al. Using cool paving materials
to improve microclimate of urban areas–design realization and results of
the flisvos project. Build Environ 2012;53:128–36.
[261] Synnefa A, Santamouris M. White or Light Colored Cool Roofing
Materials. Adv Develop Cool Mater Built Environ 2013:33–71.
[262] Levinson R, Berdahl P, Akbari H, et al. Methods of creating solar–reflect-
ive nonwhite surfaces and their application to residential roofing materi-
als. Sol Energy Mater Sol Cells 2007;91:304–14.
[263] Rose L S, Akbari H, Taha H. Characterizing the fabric of the urban envir-
onment: a case study of greater Houston Texas. Lawrence Berkeley
National Laboratory, 2003, 51448.
[264] Doulos L, Santamouris M, Livada I. Passive cooling of outdoor urban
spaces. The role of materials. Sol Energ 2004;77:231–49.
[265] Synnefa A, Santamouris M, Livada I. A study of the thermal perform-
ance of reflective coatings for the urban environment. Sol Energ
2006;80:968–81.
[266] Santamouris M, Synnefa A, Kolokotsa D, et al. Passive cooling of the built
environment—use of innovative reflective materials to fight heat island
and decrease cooling needs. Int J Low Carbon Tech 2008;3:71–82.
[267] American Concrete Pavement Association (ACPA), R&T. Concrete pave-
ment research & technology, June 2002, Web 12 May 2010. Available at:
〈http://www.acpa.org/Downloads/RT/RT3.05.pdf〉.
[268] Wan WC, Hien WN, Ping TP, et al. A study on the effectiveness of heat
mitigating pavement coatings in Singapore. In: Second international con-
ference on countermeasures to urban heat islands; 2009.
308 International Journal of Low-Carbon Technologies 2017, 12, 289–309
A. D’Alessandro et al.
Downloaded from https://academic.oup.com/ijlct/article-abstract/12/3/289/2336110
by UNIVERSITAT DE LLEIDA user
on 28 June 2018
[269] Karlessi T, Santamouris M, Apostolakis K, et al. Development and testing
of thermochromic coatings for buildings and urban structures. Sol Energ
2009;83:538–51.
[270] Ma Y, Zhang X, Zhu B, et al. Research on reversible effects and mechan-
ism between the energy–absorbing and energy–reflecting states of chame-
leon– type building coatings. J Sol Energ 2002;72:511–20.
[271] Boriboonsomsin K, Reza F. Mix design and benefit evaluation of high
solar reflectance concrete for pavements. Transportation Res Rec 0361–
1981 2007;2011:11–20.
[272] Dincer I, Rosen MA. Thermal energy storage (TES) methods. In Dincer I,
Rosen MA (eds). Thermal Energy Storage: Systems and Applications. John
Wiley & Sons, 2002:93–212.
[273] Cabeza LF. Thermal energy storage. In Sayigh A (ed). Comprehensive
Renewable Energy; 3. Elsevier, Oxford, 2012:211–53.
[274] Hasnain SM. Review on sustainable thermal energy storage technologies,
Part II: cool thermal storage. Energy Convers Manage 1998;39:1139–53.
[275] Laing D, Lehmann D, Fi M, et al. Test results of concrete thermal energy
storage for parabolic trough power plants. J Sol Energ T ASME
2009;131:0410071–76.
[276] Laing D, Bahl C, Bauer T, et al. High–temperature solid–media thermal
energy storage for solar thermal power plants. Proc IEEE 2012;100:516–24.
[277] Skinner JE, Strasser MN, Brown BM, et al. Testing of high–performance
concrete as a thermal energy storage medium at high temperatures. J Sol
Energ Eng 2014;136:021004.
[278] Salomoni VA, Majorana CE, Giannuzzi GM, et al. Thermal storage of
sensible heat using concrete modules in solar power plants. Sol Energ
2014;103:303–15.
[279] Bentz DP, Peltz MA, Duran–Herrera A, et al. Thermal properties of
high–volume fly ash mortars and concretes. J Build Phys 2011;34:263–75.
[280] Sebahattin U, Özrahat E. The concrete columns as a sensible thermal
energy storage medium and a heater. Heat Mass Transf 2014;50:1037–52.
[281] Alonso MC, Vera–Agullo J, Guerreiro L, et al. Calcium aluminate based
cement for concrete to be used as thermal energy storage in solar thermal
electricity plants. Cem Conc Res 2016;82:74–86.
[282] John E, Hale M, Selvam P. Concrete as a thermal energy storage medium
for thermocline solar energy storage systems. Sol Energ 2013;96:194–204.
[283] Ozger OB, Girardi F, Giannuzzi GM, et al. Effect of nylon fibres on mech-
anical and thermal properties of hardened concrete for energy storage sys-
tems. Mater Des 2013;51:989–97.
[284] John E, Hale M, Selvam P. Concrete as a thermal energy storage medium
for thermocline solar energy storage systems. Sol Energ 2013;96:194–204.
[285] Hawes DW, Feldman D. Absorption of phase change materials in con-
crete. Sol Energy Mater Sol Cell 1992;27:91–101.
[286] Salyer IO. Dry powder mixes comprising phase change materials.
US patent No. 5,254,380, 1993.
[287] Zhang D, Li Z, Zhou J, et al. Development of thermal energy storage con-
crete. Cem Concr Res 2004;34:927–34.
[288] Kastiukas G, Zhou X, Castro–Gomes J. Development and optimisation of
phase change material–impregnated lightweight aggregates for geopoly-
mer composites made from aluminosilicate rich mud and milled glass
powder. Construct Build Mater 2016;110:201–10.
[289] Bentz DP, Turpin R. Potential applications of phase change materials in
concrete technology. Cement Concrete Comp 2007;29:527–32.
[290] Sukontasukkul P, Nontiyutsirikul N, Songpiriyakij S, et al. Use of phase
change material to improve thermal properties of lightweight geopolymer
panel. Materials and Structures/Materiaux et Constructions 2016;1–9.
Article in Press.
[291] Hunger M, Entrop AG, Mandilaras I, et al. The behavior of self–compact-
ing concrete containing micro–encapsulated phase change materials.
Cement Concrete Comp 2009;31:731–43.
[292] Konuklu Y, Ostry M, Paksoy HO, et al. Review on using microencapsu-
lated phase change materials (PCM) in building applications. Energy
Build 2015; Article in Press.
[293] Thiele AM, Sant S, Pilon L. Diurnal thermal analysis of microencapsu-
lated PCM–concrete composite walls. Energy Convers Manage 2015;93:
215–27.
[294] Castellón C, Medrano M, Roca J, et al. Use of microencapsulated phase
change materials in building applications. ASHRAE. project ENE2005–
08256–C02–01/ALT 2007.
[295] Dong Z, Cui H, Tang W, et al. Development of Hollow Steel Ball Macro–
Encapsulated PCM for Thermal Energy Storage Concrete. Materials
2016;9:59.
International Journal of Low-Carbon Technologies 2017, 12, 289–309 309
Innovative concretes for low-carbon constructions: a review
Downloaded from https://academic.oup.com/ijlct/article-abstract/12/3/289/2336110
by UNIVERSITAT DE LLEIDA user
on 28 June 2018
